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Abstract 
We report a series of seven cationic heteroleptic copper(I) complexes of the form [Cu (P^P) 

(dmphen)]BF4, where dmphen is 2,9-dimethyl-1,10-phenanthroline and P^P is a diphosphine chelate, 

in which the effect of the bite angle of the diphosphine ligand on the photophysical properties of the 

complexes was studied. Several of the complexes exhibit moderately high photoluminescence quantum 

yields in the solid-state, with ΦPL of up to 35%, and in solution, with ΦPL of up to 98%. We were able 

to correlate the powder photoluminescence quantum yields with the %Vbur of the P^P ligand. The most 
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emissive complexes were used to fabricate both organic light-emitting diodes (OLEDs) and light-

emitting electrochemical calls (LECs), both of which showed moderate performance. Compared to the 

benchmark Cu(I)-based LECs, [Cu(dnbp)(DPEPhos)]+ (EQEmax = 16%), complex 3 (EQEmax = 1.85%) 

showed much longer device lifetime (t1/2 = 1.25 h and >16.5 h for [Cu(dnbp)(DPEPhos)]+ and complex 

3, respectively). The electrochemiluminescent properties of several complexes were also studied which 

to the best of our knowledge constitutes the first ECL study for heteroleptic copper (I) complexes. 

Notably, complexes exhibiting more reversible electrochemistry were associated with higher 

annihilation ECL as well as better performance in an LEC device.  

 

Introduction 
Improvements in the field of organic electronics underpin a wide range of developing 

technologies including organic light-emitting diodes (OLEDs),1,2 light-emitting electrochemical cells 

(LECs),3,4 organic photovoltaics (OPVs)5,6 and bio-/photo-sensors.7,8 Such developments have been 

central in our global efforts to move towards more energy-efficient processes as well as renewable and 

sustainable energy resources. There is a strong research effort in moving away from phosphorescent 

emitters based upon Iridium(III) and Platinum(II) to cheaper, more sustainable photoactive materials 

based on organic molecules9,10 and earth-abundant metals.11 Promising among the alternatives are Cu(I) 

complexes, which exhibit a desirable set of optoelectronic properties.12,13 Highly efficient Cu(I) emitters 

in electroluminescent devices operate via a TADF (Thermally Activated Delayed Fluorescence) 

mechanism. Prior to the use of the TADF moniker,14 this emission was known as E-type delayed 

fluorescence or as singlet harvesting, a process that has been studied in Cu(I) complexes since 1983.15 

The first high-performance Cu(I) OLED using TADF was fabricated in 2004.16 Prominent amongst the 

Cu(I) complexes that have been investigated are cationic heteroleptic complexes of the type [Cu 

(P^P)(N^N)]+.13,16–18 Cu(I) complexes of this type have not only been studied as emitters for LECs and 

OLEDs, but also as cheaper, less toxic alternatives to photocatalysts based on iridium(III) and 

ruthenium(II) complexes.19–21 All these potential applications of Cu(I) complexes require a solid 

understanding of the relationship between structural design and optoelectronic properties. 

 

Most previous studies into [Cu(P^P)(N^N)]+ complexes have focused on modifying the diamine 

ligand. For example, Costa et al. studied how the electronic tuning of 4,4’-R2bpy type of N^N ligands 

could act on the solid-state photophysical and electroluminescent properties of [Cu(xantphos)(4,4’-

R2bpy)]+ complexes.22–26 More recently, Alkan-Zambada et al. reported a systematic study of 

heteroleptic Cu(I) complexes with differing N^N ligands on the usefulness of percent volume buried as 

a predictor of photoluminescence quantum yield. They found that those heteroleptic Cu(I) complexes, 

which exhibited the highest solid state FPL also have higher %VBurs.27 Only limited studies have 

focussed on the impact of the P^P ligand on the structure and optoelectronic properties of 
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[Cu(P^P)(N^N)]+ complexes, with studies limited to DPEphos, xantphos and alkyl bridged bis-

diphenylphosphino ligands.28 The exception to this limited collection of diphosphine ligands is a recent 

study by Housecroft et al. on the modification of the backbone of the xantphos ligand with tert-butyl 

groups for application in LECs.29  

 

Our group has previously studied how changing the bite angle of diphosphine ligands could 

enhance the photoluminescence quantum yields (FPL) of blue-emitting cationic [Ir(C^N)2(P^P)]+ 

complexes.30 More recently, we also demonstrated how the photophysical properties and photocatalytic 

reactivity can be systematically modulated by changing the electronics of P^P ligands of 

[Cu(N^N)(P^P)]+ complexes.31 Continuing these studies on a different series of [Cu(P^P)(N^N)]+ 

complexes, a library of eight diphosphine ligands (Scheme 1 and Table 1) was used to synthesise a 

family of seven emissive [Cu(P^P)(dmphen)]BF4 complexes 1-7, five of which are new (where 

dmphen=2,9-dimethyl-1,10-phenanthroline) A further complex [Cu(dppe)(dmphen)]BF4, where dppe = 

[cis-1,2-(bis-(diphenylphosphino)ethylene], was non-emissive and it will not be discussed further, 

although the synthesis and characterisation of this complex is presented in the ESI. The complexes were 

fully characterized and their optoelectronic properties were determined. Selected complexes were used 

to fabricate OLEDs and LECs and investigate their electrochemiluminescent properties. A combination 

of theoretical calculations and an analysis of the molecular structure obtained from single crystal X-ray 

diffraction was used to rationalise the optoelectronic properties and device performance. 

 
Scheme 1. Ligands studied in this work 

Table 1. Calculated natural bite angles (bn) and flexibility range for diphosphine ligands L1-L7.32,33 
 Natural bite angle, βn (o) a Flexibility range (o) b 

L1 102 86-120 
L2 112 97-133 
L3 102 92-120 
L4 113 98-139 
L5 114 99-141 
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L6 109 93-133 
L7 121 102-146 
a) bn is defined as the preferred chelation angle determined by the ligand 
backbone rigidity. b) Flexibility range is defined as the accessible range of 
bite angles within 3 kcal mol-1 excess strain energy from the natural bite 
angle. 

 

Results and Discussion 

Synthesis 

The [Cu(P^P)(dmphen)]BF4 complexes were obtained through sequential ligand substitution of 

[Cu(NCMe)4]BF4 with diphosphine ligand L1 to L7 followed by 2,9-dimethyl-1,10-phenanthroline 

(dmphen) in a 1:1:1 ratio in dichloromethane (DCM) and/or acetonitrile (MeCN), following protocols 

previously reported in the literature.18,34 Complexes 1 and 2 have been previously reported and our 

characterisation data match the known data.34,35 The formation of a small proportion (2 – 10 % of the 

crude product) of the homoleptic product [Cu(dmphen)2]BF4
36 was evident by 1H NMR. This by-

product proved difficult to remove by column chromatography, but purification could be achieved 

through recrystallisation from DCM/ether to afford orange/yellow/red crystals of heteroleptic 

complexes of [Cu(P^P)(dmphen)]BF4 in high yields (80-96%) (Scheme 2). The identity of all 

complexes was confirmed by a combination of NMR, HRMS, elemental analysis and single crystal X-

ray diffraction.  

 

Scheme 2. Synthesis of [Cu(P^P)(dmphen)]BF4 complexes 1-7. 

NMR Spectroscopy 

NMR spectra of all complexes are consistent with the proposed structures, see Figures S2-S19 

for all spectra. The 1H and 13C spectra show signals corresponding to the dmphen and diphosphine 

ligand in a 1:1 ratio. In complexes 2 and 3, the methyl (6H, 1.74 ppm) and methylene (4H, 3.27 ppm) 

backbone substituents of the diphosphine ligands were identified. In complex 5, the amine proton of the 

nixantphos ligand is observed much further downfield at 7.37 ppm than expected for an amine due to 

additional deshielding effects imposed by bridging between the two electron-withdrawing aryl groups. 
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Complex 4 shows overlapping signals for methyl groups of both the dmphen ligand and the backbone 

of the isopropxantphos ligand in both the 1H NMR (2.24 ppm, 12H) and 13C NMR (23.4 ppm) spectra. 

The proton decoupled 31P NMR spectra give rise to broad singlet peaks (-10 to -17 ppm) for all 

complexes with the exception of 7, which exhibits two singlet peaks (~ 1:1 ratio) at -15.67 and -19.51 

ppm due to the asymmetrical nature of the benzoxantphos ligand. The downfield resonance (-15.7 ppm) 

corresponds to the deshielded phosphorus attached to the more p-conjugated naphthalene moiety of the 

ligand in this complex. Of the symmetrical diphosphine ligands, 3 exhibits the most downfield signal 

at -10.6 ppm. The 19F NMR spectra of all complexes show a characteristic BF4
- multiplet at ca. -150 

ppm, consistent with the presence of BF4
- counterion in all seven complexes.  

 

Single Crystal X-ray Characterisation 

Crystal structures of complexes 2-7 (Figure 1) were obtained from single crystal X-ray 

diffraction studies. All seven complexes exist as mononuclear species and exhibit a distorted tetrahedral 

environment around the Cu(I) metal centre in line with previously reported structures for complexes 1 

and 2.18,35,37,38 Crystals of 1 showed a unit cell corresponding to one of the known structures.37 Crystals 

of 2 showed a unit cell similar to that seen in the known structure, but on determination of the structure, 

minor differences in the structure of the complex, and slight differences in packing were found.35 The 

average Cu-P and Cu-N bond lengths (Table S1) are similar throughout the seven complexes, whereas 

the P-Cu-P bite angles vary between 110.58(3)° and 121.25(8)°. Comparison of the P-Cu-P bite angle 

with the calculated natural bite angle of the ligands show that there are in excellent agreement for 2, 4, 

5 and 7 (< 4° difference), while 3 and 6 have bite angles that are larger than expected by 9-12°.32,33 

Despite the flexible nature of these diphosphine ligands, the bite angle in these complexes is still less 

than the 123° seen between the two phosphorus ligands in [Cu(PPh3)2(dmphen)]+.38,39 The 

intramolecular distance between the two phosphorus atoms in the complexes correlates with the 

observed bite angles; the largest values for both exist in 7 (4.00 Å, 121°). In complexes 2-7, the 

backbone of the P^P ligand adopts a bent conformation, producing a “butterfly-type” structure.40 The 

angle between these backbone phenyl rings reflects the flexibility of the linker, with 7 possessing the 

smallest angle of 17.2°, reflecting the rigidity of the naphthyl linker, 5 and 6 having intermediate angles 

of 29.1° and 23.7°, respectively, and 2-4 showing angles between 44.7-49.2°. The flexibility of the 

DPEphos ligand in 1 is illustrated by the torsions seen between the two ether bridged phenyl rings in 

the known structures of this complex (72.6-76.0°).18,37,38 

The structures reveal intramolecular π-π interactions for complexes 3, 6 and 7 (see Figure S21), 

with centroid···centroid distances ranging from 3.664(5) to 3.7145(17) Å. The structures of these three 

complexes reveal a linear chains of cations (running along the a-axis for 3 and the [0 1 -1] axis for 6 

and 7) showing π-π interactions between the dmphen and one of the aromatic rings of the phosphine 
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ligands of adjacent cations (one of the peripheral phenyls for 3, one of the aromatic rings of the ligand 

backbone for 6 and 7).  
 

 

 
Figure 1. Thermal ellipsoid plots of the crystal structures of complexes 2-7. Ellipsoids are drawn at the 

50 % probability level and hydrogen atoms, solvents and anions are omitted for clarity.  

 

 

Theoretical Studies 

The structure and electronic properties of all cations were calculated using DFT and TD-DFT 

methods. Calculations were performed using the B3LYP functional with 6-31G(d,p) (for C, H, N, O, P 

and S atoms) and SBKJC VDZ ECP (for Cu) basis sets with a Polarizable Continuum Model of 

dichloromethane solvent using Gaussian 09.41–48 Ground state geometries were optimised starting from 

the structures determined experimentally by X-ray Crystallography. Notably the calculated P-Cu-P bite 

angles are within 4° of the experimental values. Figure 2 shows the HOMO and LUMO electron density 

distribution and energies for each cation along with the contribution to the frontier molecular orbitals. 

The calculated electronic properties are shown in Table 2.  

 

The energy of the LUMO for all complexes lies in a narrow range between -2.22 and -2.27 eV, 

the similarity is expected as in all cases the LUMO is localised on the dmphen ligand. The HOMO 

energies for complexes 1-4 and 6 lie within a narrow range of -5.81 to -5.97 eV, in these complexes the 

HOMO is distributed between the Cu atom and the diphosphine ligand. Relative to these complexes, 5 

and 7 have a slightly destabilised HOMO (-5.60 and -5.73 eV respectively) that is localised on the 
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diphosphine ligand. Except for complex 6 the very similar HOMO and LUMO levels result in HOMO-

LUMO gaps within a narrow range ΔE = 3.51 to 3.69 eV. For complex 6 ΔE = 3.37 eV, with the lower 

bandgap reflecting the destabilised HOMO. 

 

TD-DFT calculations were performed to obtain information on the excited state energy levels 

of complexes 1-7. The energy levels of the S1 excited state were similar for 1, 2, 4, 6 and 7 with ES1 = 

3.01-3.04 eV, complexes 3 and 5 had slightly lower S1 energies (ES1 = 2.88 eV and 2.94 eV 

respectively). Complexes 1-6 all had very similar triplet energies with ET1 = 2.68 to 2.79 eV, resulting 

in each of these complexes exhibiting a moderate ΔEst of 0.16 to 0.28 eV, suggesting promise as TADF 

emitters. In contrast complex 7 has a much lower triplet energy (ET1 = 2.29 eV) which results in a much 

larger ΔEST of 0.73 eV. The triplet spin density of 7 is localised on the benzoxantphos ligand, suggesting 

that a low-lying ligand-centred triplet state is responsible for the larger calculated DEST. In contrast 

complexes 1-6 show a triplet spin density distributed across the dmphen ligand and Cu centre, pointing 

to an MLCT triplet excited state. 

 
Figure 2. DFT calculated frontier MO energies of [1]+-[7]+. Kohn-Sham MOs of [1]+-[7]+ are also 

shown. 
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Table 2. DFT calculated electronic properties of complexes [1]+ to [7]+. 

 

Electrochemical properties 

The electrochemical properties of complexes 1-7 were studied by cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV) in degassed DCM (Figure 3 and Table 3). In order to facilitate 

study of the electrochemiluminescence (ECL) properties, vide infra, the voltammetry of complexes 1, 

2, 3, 5 and 6 were also examined in acetonitrile. In the CV measurements, irreversible reduction waves 

were observed for all seven complexes in DCM, the DPV measurements more clearly show these 

reduction waves that all have very similar reduction potentials ranging from -1.7 to -1.8 V. The similar 

reduction potentials between the complexes and the irreversible nature is consistent with a ligand-

centred reduction of dmphen, which is supported by the DFT calculations. The reduction potential of 2 

is measured to be 0.24 V more negative than the literature value (-1.48 V vs SCE in MeCN),49 it is 

believed that this difference can be attributed to the different solvent used.   

 HOMO / eV LUMO / eV DE / eV S1 / eV T1 / eV DEST / eV 
1 -5.86 -2.22 3.64 3.01 2.78 0.23 
2 -5.91 -2.25 3.66 3.03 2.76 0.27 
3 -5.81 -2.26 3.56 2.88 2.68 0.21 
4 -5.93 -2.26 3.67 3.04 2.76 0.28 
5 -5.60 -2.23 3.37 2.94 2.79 0.16 
6 -5.97 -2.27 3.69 3.04 2.79 0.25 
7 -5.73 -2.23 3.51 3.02 2.29 0.73 
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Figure 3. CV traces of 1-7 measured in degassed DCM vs. SCE.50 Scan rate: 50 mV s-1, initial scan 

was in the positive direction. DPV traces of each complex recorded in the same cell are overlaid in 

dashed lines. 

The first oxidation potentials of 1 to 7 vary more widely within the range of 1.10 - 1.49 V. The 

oxidation waves for complexes 2, 3, 5 showed quasi-reversible character, while the remaining 

complexes exhibited irreversible oxidations. The oxidation potential of complex 2 is in good agreement 

with previously reported values in MeCN (1.49 V and 1.45 V respectively),51 however the oxidation 

potential of complex 1 is 240 mV lower than previously reported in MeCN (1.35 V and 1.59 V 

respectively).34,51 Good consistency between the HOMO energy level determined by electrochemistry 

and the HOMO energy level from DFT prediction was observed, with the calculated values consistently 

lower by ca. 0.3 eV. Complex 5 had the most cathodically shifted oxidation potential (1.10 V) and most 

destabilised HOMO energy (-5.30 eV) due to its strongly electron-donating nixantphos ligand. The 

remaining six complexes exhibited very similar oxidation potentials. In acetonitrile, the redox potentials 

were found to be similar, differing by no more than 100 mV between solvents. In general, the oxidation 

processes were slightly less positive while the reduction processes were slightly less negative. 

Interestingly, the first reduction process for each complex measured, with the exception of 5, was 

chemically reversible in CH3CN, suggesting that the reduced form of those complexes is more 

electrochemically stable in acetonitrile than in DCM. See Figure S22 in supporting information. 
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Table 3. Electrochemistry data of complexes of complexes 1-7 

Complex 
Eox Ered ΔEredox Eopt E*ox E*red HOMO LUMO 
[V]a [V]a [V]a [eV]b [V]c [V]c [eV]d [eV]d 

1 1.35 -1.79 3.14 2.70 -1.35 0.91 -5.53 -2.51 

2 1.49 -1.72 3.21 2.84 -1.35 1.12 -5.57 -2.64 
3 1.31 -1.73 3.04 2.63 -1.32 0.90 -5.51 -2.63 

4 1.41 -1.74 3.15 2.71 -1.30 0.97 -5.57 -2.51 

5 1.10 -1.71 2.81 2.85 -1.75 1.14 -5.30 -2.64 
6 1.45 -1.76 3.21 2.91 -1.46 1.15 -5.60 -2.64 

7 1.27 -1.77 3.14 3.08 -1.35 0.91 -5.53 -2.51 
a) Electrochemistry recorded in DCM solution with 0.1 M (nBu4N)PF6 at 298 K at 50 mV.s-1, 
Ep were determined from the peak value of DPV traces, values are in V vs. SCE (Fc/Fc+ vs. 
SCE = 0.46 V.52 b) Optical gap inferred from the intersection points of the normalised 
absorption and emission spectra in DCM. c) Excited state redox potentials calculated with 
equation E*ox = Eox - Eopt, E*red = Ered + Eop.;

53 d) Calculated according to equations: EHOMO = 
−(E[onset,ox vs. Fc+/ Fc] + 4.8)(eV) and ELUMO = −(E[onset,red vs. Fc+/ Fc] + 4.8)(eV).49 

 

 

Photocatalysis employing heteroleptic Cu(I) complexes as photocatalysts is a growing field of 

research.19–21,54 We thus assessed the excited state redox potentials of complexes 1-7. The E*ox value of 

complex 2 (-1.50 V vs SCE in DCM) is slightly more negative than literature value (E*ox = -1.19 V vs 

SCE in MeCN) due to the larger E0,0 resulting from solvatochromism (E0,0 = 2.84 and 2.64 eV in DCM 

and MeCN, respectively).49 Complexes 5 and 7 show very negative excited state oxidation potentials 

(E*ox = -1.83 V for 5, -1.85 V for 7), values that are more negative than that of previously reported 

complexes 1 and 2, as well as the commonly used strong photoreductant fac-Ir(ppy)3 (E*ox = -1.73 V vs 

SCE in MeCN).55 These complexes are potentially stronger photoreductants than the well-studied 

homoleptic Cu(I) photocatalyst [Cu(dap)2]Cl (E*ox = -1.43 V).56 The complexes are weaker 

photoreductants than homoleptic [Cu(P^P)2]+ complexes (e.g. E*ox = -2.34 V for 

[Cu(DPEphos)2]BF4),57 however [Cu(P^P)2]+ complexes have very poor visible light absorption in 

comparison to complexes 1-7. The excited state reduction potentials of complexes 1, 4 and 5 lie in the 

range of 0.62 – 0.83 V, values that are similar to the widely used photocatalyst [Ru(bpy)3]2+ (E*red = 

0.77 V),58 but lower than some [Cu(N^N)(NHC)]+ photocatalysts (e.g. E*red = 1.52 V for 

[Cu(SIPr)(bpy)]PF6).59 As a result, these complexes are most promising for use as photocatalysts in 

reactions that proceed via oxidative quenching pathways.  

 

UV-Visible absorption 

UV-Vis absorption spectra of 1-7 were recorded in DCM solution, the absorption spectra are 

shown in Figure 4 while the data is collated in Table 4. The UV-Vis absorption spectra of complexes 

1-6 exhibit broad, low-intensity absorption bands with labs between 380-400 nm (2 × 10-3 < e < 5 × 10-3 
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M-1 cm-1) in DCM, which can be attributed to metal-ligand charge transfer (MLCT) transitions from the 

copper to the p-accepting dmphen.18 Complex 7 showed a more intense absorption at higher energy (e 

= 11.3 × 10-3 M-1 cm-1 at 363 nm) attributed to a ligand centred transition within the benzoxantphos 

ligand. At higher energy, all complexes exhibited intense absorption bands between 250-275 nm (e = 

30-45 × 103 M-1 cm-1) attributed to a mixture of N^N and P^P ligand-centred p-p* transitions. These 

are similar to those reported for [Cu(P^P)(N^N)]+ type complexes, such as [Cu(Xantphos)(bpy)]BF4 

and its derivatives25 or [Cu(Xantphos)(dmphen)]BF4.49  

 
Figure 4. UV-Vis spectra of complexes 1-7 in DCM at room temperature. 

Table 4. Experimental and calculated absorption data for 1-7 

 
l / nm (e × 10-3/ M-1cm-1)a Calculated 

 l / nm (f)b Contributions Nature b LC CT 
1 276 (37) 379 (3.3) 412 (0.110) H→L (97%) MLCT/LLCT 
2 277 (32) 391 (1.9) 409 (0.138) H→L (98%) MLCT/LLCT 
3 277 (28) 396 (2.5) 430 (0.093) H→L (96%) MLCT/LLCT 
4 272 (46) 386 (3.6) 408 (0.143) H→L (98%) MLCT/LLCT 
5 277 (36) 385 (2.6) 408 (0.083) H-1→L (88%) MLCT/LLCT 
6 277 (36) 391 (1.9) 408 (0.111) H→L (95%) MLCT/LLCT 
7 264 (41) 363(11.3) 376 (0.244) H-1→L+1 (34%) H→L+2 (54%) LC, MLCT/LLCT 
a) in dilute (ca. 10-5 M) DCM solution at 298 K; b) MLCT: Cu → N^N, LLCT: P^P→N^N.  
 

 

For complexes 1-4 and 6, the lowest energy absorbance band matches well the lowest energy 

transition in the TD-DFT calculated absorption spectra, corresponding to a HOMO to LUMO transition 

that is of mixed metal-to-ligand and P^P to N^N ligand-to-ligand charge transfer (MLCT/LLCT) 

character. For complex 5, the calculated lowest energy transition (421 nm, f = 0.003) corresponds to a 

LLCT (P^P->N^N) transition from the HOMO localised on the electron-donating phenoxazine 

backbone of nixantphos. The next lowest energy (408 nm, f = 0.083) transition is mainly MLCT in 
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character (HOMO-1 to LUMO) and is expected to be responsible for the observed CT band in the 

experimental spectrum. For complex 7 the TD-DFT calculations predict that the transition to S6 is the 

first transition with a significant (f > 0.1) oscillator strength and is predominately a ligand centred 

transition localised on the benzoxantphos ligand (labs = 377 nm, f = 0.244, 54% HOMO to LUMO+2).  

 

Photophysics 

The emission properties of complexes 1-7 were measured in DCM solution (Figure 6) and in 

the solid state as both powders and spin-coated neat films (Table 5). The solution-state emission spectra 

of 1-6 are broad and unstructured with maxima, lPL, ranging from 540-570 nm; characteristic of 

originating from an emissive CT state. Complex 7 exceptionally shows a weak, blue, structured 

emission at 431 nm (FPL < 1 %). The emission spectrum of 7 is similar to that of L7, suggesting a ligand 

centred emission, consistent with our TD-DFT calculations. Amongst complexes 1-6, 3 exhibited the 

most red-shifted emission profile (λem = 567 nm). Complexes 1-3 and 6 are all strongly emissive in 

DCM (FPL from 40 to 98 %) while the remaining three complexes are almost non-emissive.  

 
Figure 5. Pictures showing the emission from the complexes 1-7 (left to right) in the solid state (top 

row) and as DCM solutions (bottom row). 
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Figure 6. Normalised emission profile of complex 1-7 and L7 in degassed, dilute (ca. 10-5 M) DCM 

solution, lexc = 380 nm. 

 
Table 5. Photophysical properties of complexes 1-7 in DCM solution, as powders and spin-coated 

neat films. 

 DCMa Solid State 
Complex lPL / 

nm FPL
b / % Powder Thin  Film 

lPL / nm FPL
c / % τ / nsd FPL

c / % 

1 550 71 530 14 
838 (8 %) 

3 030 (48 %) 
9 420 (44 %) 

14 

2 549 40 552 11 
38 (3 %) 

2 350 (45 %) 
7 560 (52 %) 

28 

3 567 60 543 35 
723 (2 %) 

3 980 (25 %) 
12 200 (72 %) 

24 

4 547 < 1 579 1 
1.0 (61 %) 
6.4 (29 %) 
40 (10 %) 

< 1 

5 543 1 577 18 
797 (2 %) 

4 560 (38 %) 
14 200 (60 %) 

2 

6 541 98 548 17 
1 000 (5 %) 
4 840 (44 %) 
16 200 (51 %) 

6 

7 431 < 1 430 <1 
1.0 (49 %) 
5.7 (36 %) 
41 (15 %) 

< 1 
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a) Dilute degassed (ca. 10-5 M) solutions. b) Referenced to [Ru(bpy)3][Cl]2 in aerated 

water conditions (Ф = 0.04), lex = 380 nm.60 c) Determined under N2 with integrating 

sphere, lex = 380 nm. d) From TCSPC measurements, all emission data obtained at 

298 K. 

 

The emission spectra of the powders 1-6 are broad and unstructured with maxima, lPL, ranging 

from 530-580 nm. In the solid state, complexes 1-3, 5 and 6 were moderately emissive (FPL up to 35 

%), while complexes 4 and 7 were again very poorly emissive. Notably 5 was significantly more 

emissive as a powder (FPL = 18 %) than in solution. For powder samples, the FPL for 1 of 14% and for 

2 of 11% match those reported in the literature.18,61 The highest FPL found within the series was for 3 at 

35%. The emission lifetimes of all moderately emissive powders had a small (2-8 %) contribution from 

a fast (< 1 μs) decay process, with approximately equal contribution from two slower decay processes 

around 4 μs and 12 μs. 

 

Previously, it had been shown that adding bulky substituents at the a-positions to the nitrogen 

atoms of bipyridyl or phenanthroline ligands would lead to an increase in FPL by suppressing pseudo 

Jahn-Teller distortions associated with the as-formed CuII centre upon photoexcitation.18,62 Here, we 

found that selecting P^P ligands possessing relatively smaller natural bite angles as well as smaller 

flexibility ranges also lead to an enhancement of the powder state photoluminescence quantum yield. 

In solution, the origin of non-radiative decay becomes more complicated. Firstly, the pseudo Jahn-Teller 

distortion that appears in the excited state of Cu(I) complexes is an important contributor to the non-

radiative decay.63 Secondly, the vibrations of flexible moieties within the ligands also contribute to the 

non-radiative decay.  

 

Although the link between steric hindrance and high photoluminescence quantum yield is 

qualitatively established with respect to substituents on the dmphen ligand and the phenyl groups of the 

bisphosphine ligand such as xantphos, little detailed analysis has been directed towards a more 

quantitative investigation for Cu(I) complexes. Most previous reports correlate the increase of steric 

bulk with the P-Cu-P bite angles intuitively without a more robust quantitative analysis. We employed 

the percent volume buried (%Vbur) as a metric for the amount of steric hindrance in these complexes 

with a view to identify a correlation between the steric hindrance about the copper centre and the 

corresponding FPL.64 The %Vbur has previously proven to be a more meaningful parameter than the 

Tolman cone angles in complexes of N-heterocyclic carbenes and tertiary phosphines, since it can better 

describe the steric parameters associated with the more flexible ligands such as phosphites.65 Complexes 

4 and 7 were excluded from this analysis due to their extremely weak (4), or ligand-centred emission 

(7). While a very poor correlation was found for solution samples (R2 < 0.1, see Figure S24 in supporting 
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information), much stronger correlations were found for powder samples (Figure 7). In general, 

complexes with larger %Vbur tend to have higher FPLs (R2 = 0.77 and 0.92 when the sphere radius is set 

to 3.5 Å, the Bondi radii was scaled by 1 and 1.17, respectively). Amongst the five complexes, 3 has 

the highest %Vbur while its powder FPL is also the highest (35%). Complex 2 has the smallest %Vbur and 

the lowest powder FPL (11%). 

 
Figure 7. The relationship between FPL of powder state and percent volume buried (%Vbur) with either 

a) Bondi atomic radii or b) Bondi atomic radii scaled by 1.17.  

 

Turning to spin-coated neat films, the FPL of complex 1 increased significantly from 12% in 

powder to 28% while for complex 2 there is a modest decrease from 35% in the powder to 24% as a 

neat film. Complexes 3 and 5 see dramatically lower FPL while there is no change in FPL for complex 

7. Complexes that previously were very poorly emissive in the powder remained so as neat films. From 

these results it is apparent that the solid-state packing can have a dramatic effect on the FPL for 

structurally similar mononuclear complexes.  

 

Excited State DFT Calculations 

The DFT and TD-DFT calculations described above provide good information on the structure 

and electronics of these Cu(I) complexes in the ground state. This is seen through the excellent 

agreement between calculation and x-ray structures, cyclic voltammetry, and UV-vis spectra. However, 

these calculations provide very poor information on the excited state of these molecules as they do not 

capture the pseudo Jahn-Teller distortion experienced by the copper centres in the complexes. To 

determine the excited state structures of the complexes and elucidate the electronic nature of the 

emissive state of the complexes we performed DFT and TD-DFT calculations on the first singlet and 

first triplet excited states, the structures from the DFT calculations are seen in Table 6. 

 

Table 6. Comparison of key structural parameters for calculated ground state, first singlet state and first 

triplet state structures of complexes 1-7.   

 GS Structure S1 Structure T1 Structure 

Complex P-Cu-P 
bite 

Backbone 
anglea (o) 

Coord. 
plane 

angleb (o) 

P-Cu-P 
bite 

Backbone 
anglea (o) 

Coord. 
plane 

angleb (o) 

P-Cu-P 
bite 

Backbone 
anglea (o) 

Coord. 
plane 

angleb (o) 
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angle 
(o) 

angle 
(o) 

angle 
(o) 

1 113.5 65.0 88.5 106.2 69.2 73.5 106.5 69.0 73.8 
2 115.1 33.1 89.8 107.5 30.8 78.6 108.4 31.5 75.6 
3 112.9 38.7 85.4 103.1 40.3 71.6 103.8 40.1 71.9 
4 115.5 39.6 90.0 107.4 38.0 75.5 107.7 38.5 75.2 
5 119.2 28.5 87.5 109.4 27.4 72.8 110.2 28.4 73.3 
6 115.5 35.3 87.0 105.8 35.1 72.3 106.9 35.1 72.8 
7 120.8 10.4 87.5 110.9 9.9 73.7 120.6 11.0 87.4 

a) The angle between the two ether bridged phenyl rings within the P^P ligand. b) The angle between 
Cu(P^P) coordination plane and Cu(N^N) coordination planes.  

 
The calculated structures of complexes 1-7 show the significant change in geometry around the 

copper centre upon excitation of the molecule, attributed to pseudo Jahn-Teller distortions. Both the S1 

and T1 excited states have very similar structures. The major differences seen are the decrease in the P-

Cu-P angle by 8-10° and the change of 10-15° in the angle between the Cu(P^P) and Cu(N^N) 

coordination planes. 

 

For TADF, emission occurs from the S1 excited state. Given the observed pseudo Jahn-Teller 

distortions in the exited state structures of the complexes, the energy of the emissive S1 state will be 

different to the energy of the S1 state in the ground state structure. TD-DFT calculations of the excited 

state energy levels were performed for the complexes in their excited state geometries and are shown 

in Table 7. There is a very strong correlation between these S1 energy levels with the emission maxima 

in DCM solution, the exception being complex 7 where the LC excited state seen experimentally is not 

observed in the calculated S1 energy.   

 

Table 7. Comparison of experimental emission energy and calculated S1 energies at different 

calculated geometries of complexes 1-7.  

 DCM Emission Calculated S1 Energy 
 GS Geometry S1 Geometry T1 Geometry 

Complex λem 

(nm) 
E 

 (eV) 
λem 

(nm) 
E 

 (eV) 
Error 
(%) 

λem 

(nm) 
E 

 (eV) 
Error 
(%) 

λem 

(nm) 
E 

 (eV) 
Error 
(%) 

1 550 2.25 413 3.00 33 600 2.07 8 603 2.06 9 
2 549 2.26 410 3.02 34 593 2.09 7 595 2.08 8 
3 567 2.19 430 2.88 32 626 1.98 9 627 1.98 10 
4 547 2.27 408 3.04 34 591 2.10 7 595 2.08 8 
5 543 2.28 421 2.95 29 605 2.05 10 605 2.05 10 
6 541 2.29 408 3.04 33 601 2.06 10 602 2.06 10 
7 431 2.88 411 3.02 5 605 2.05 29 453 2.74 5 

 

Central to the TADF process is a small ΔEST that facilitates intersystem crossing and reverse 

intersystem crossing between the S1 and T1 states. In the literature, calculations of ΔEST are routinely 

performed at the optimised ground state structure. The significant pseudo Jahn-Teller distortion in the 
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exited state structures of copper complexes is not captured in these calculations. To address this, we 

have calculated ΔEST for the excited state structures of complexes 1-7 (Table 8).  

 

Table 8. Comparison of calculated excited state energy levels at calculated ground state, first singlet 

state and first triplet state structures of complexes 1-7.   

 GS Structure S1 Structure T1 Structure 

Complex S1 (eV) T1 (eV) ΔEST (eV) S1 (eV) T1 (eV) ΔEST (eV) S1 (eV) T1 (eV) ΔEST (eV) 
1 3.01 2.78 0.23 2.07 1.88 0.19 2.05 1.82 0.23 
2 3.03 2.76 0.27 2.09 1.91 0.18 2.08 1.86 0.22 
3 2.88 2.68 0.21 1.98 1.78 0.20 1.98 1.72 0.26 
4 3.04 2.76 0.28 2.10 1.91 0.19 2.08 1.86 0.22 
5 2.94 2.79 0.16 2.05 1.86 0.19 2.05 1.81 0.24 
6 3.04 2.79 0.25 2.06 1.86 0.20 2.06 1.81 0.25 
7 3.02 2.29 0.73 2.05 1.86 0.18 2.74 1.63 1.10 

 

The calculated ΔEST values for the optimised triplet geometry all lie in the range 0.22 to 0.26 

eV, with the exception of 7 which exhibits a LC excited state and has a corresponding much larger 

ΔEST. There is very good correlation between the ΔEST obtained using the ground state geometries and 

the triplet excited state structures. This suggests that in these complexes, the pseudo Jahn-Teller 

distortion in the excited state affects both the singlet and triplet energy levels in a similar manner. 

 

Electrochemiluminescence 

 

The electrochemiluminescence (ECL) behavior of complexes 1-3, 5 and 6 was investigated in 

acetonitrile at a complex concentration of 1 mM. The emission spectra in MeCN are ~15 nm red-shifted 

compared to what those in DCM. The reduction potentials in MeCN are shifted cathodically about 0.2 

V compared to those measured in DCM while the oxidation potentials are shifted cathodically to a 

greater extent by 0.3 V. hence, the redox gaps are smaller in MeCN than in DCM. Figure S23 shows 

the ECL spectral response for each complex compared with the photoluminescence response in the 

same solvent. These spectra reveal that the same excited state is populated regardless of whether 

electrochemical or optical excitation employed. 

 

There are three modes by which ECL may be elicited, the relative strength of the emission of 

each complex by each mode is indicated in Table 9. The first mode is annihilation, where the working 

electrode potential is alternated between values sufficiently negative (reaction 1) and sufficiently 

positive (reaction 2) to reduce and oxidise the complex, respectively. Note that this solution phase 

process is effectively the same the same as the solid-state mechanism operational in the LEC. The 

sequence is summarised in the following reactions, where [Cu(P^P)(dmphen)]+ represents the 

generalised form of the copper complexes 1-3, 5 and 6: 
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[Cu(P^P)(dmphen)]+ + e- → [Cu(P^P)(dmphen)]       (1) 

[Cu(P^P)(dmphen)]+  → [Cu(P^P)(dmphen)]2+ + e-      (2) 

[Cu(P^P)(dmphen)] + [Cu(P^P)(dmphen)]2+ → [Cu(P^P)(dmphen)]+ + [Cu(P^P)(dmphen)]+* (3) 

[Cu(P^P)(dmphen)]+* → [Cu(P^P)(dmp)]+ + hν       (4) 

 

Following reactions (1) and (2), the oxidised and reduced species encounter each other in the 

diffusion layer adjacent to the electrode, an electron transfer reaction occurs and, if the thermodynamics 

and kinetics are favourable, one of the products of this reaction will be formed in the excited state 

(reaction 3). On relaxation of this excited state to the ground state a photon is emitted, which typically 

will be of the same energy as would be emitted during photoluminescence. Interestingly, of the 

complexes tested, only 3 gave annihilation ECL emission. One of the necessary conditions for ECL is 

that there be sufficient energy available to populate the excited state from the electron transfer step 

(reaction 3 above). This can be tested by comparing the values of ΔEo, which correspond to the energy 

available from reaction between the oxidised and reduced precursors, with the excited state energies of 

the complexes. Based on the data in Table 9, the available energies range from 2.95 to 3.16 eV, while 

the excited state energies, estimated from the λPL of the emission spectra, range between 2.1 and 2.2 eV. 

Therefore, the annihilation reaction is energy sufficient in each case and thermodynamics can be readily 

ruled out as the reason for the absence of ECL from 1, 2, 5 and 6. Another important requirement for 

ECL is that the species involved in the annihilation reaction (reaction 3) be sufficiently stable such that 

they will encounter each other before degrading into side products. This stability can be established by 

looking at the chemical reversibility of the cyclic voltammetric responses. Figure S22 shows that only 

3 and 5 have oxidation processes that are at least quasi-reversible at this voltammetric timescale. On 

the other hand, all the complexes tested, with the exception of 5, have reversible reductions. Therefore, 

the lack of annihilation ECL from 1, 2, 5 and 6 is explained by the fact that 3 is the only complex for 

which both the oxidised and reduced forms are sufficiently electrochemically stable. The ECL 

efficiency was estimated to be 0.5% by using [Ru(bpy)3]2+ (ΦECL = 5.0%) annihilation ECL as a 

comparative standard. 

 

There are two other modes by which ECL may be generated, these are the co-reactant pathways, 

which involve a sacrificial co-reactant that is either oxidised to produce a powerful reductant or reduced 

to produce a powerful oxidant. These species react with the oxidised or reduced copper complex, 

respectively, to produce an excited state on the emitter complex. The oxidative-reduction co-reactant 

ECL of complexes 1-3, 5 and 6 was investigated using tri-n-propylamine (TPA) as a co-reactant. There 

are several reaction pathways that can be followed with TPA, the one relevant to the current study is 

outlined below. The complex is first oxidised via reaction 2 above,  

  

TPA → TPA●+ + e-          (5) 
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TPA●+ → TPA● + H+          (6) 

TPA● + [Cu(P^P)(dmphen)]2+  → [Cu(P^P)(dmphen)]+* + product    (7) 

 

Followed by emission via reaction 4. 

 

Not surprisingly, given the lack of reversible oxidative electrochemistry, most complexes 

showed only weak or medium intensity co-reactant ECL with TPA, with only complex 3 giving strong 

ECL. Based on a comparison of the ECL intensities under similar conditions, we estimated the ECL 

efficiency to be about 10% that of the well-known ECL benchmark, [Ru(bpy)3]2+. 

 

Finally, the reductive-oxidation co-reactant ECL of the complexes was tested in the presence 

of ammonium persulfate (APS). Again, there are several possible reaction routes and only the relevant 

one is outlined here. The complex is first reduced via reaction 1 above, followed by emission via 

reaction 4. 

 

 

S2O8
2- + e- → S2O8

●3-          (8) 

S2O8
●3- → SO4

2- + SO4
●-          (9) 

[Cu(P^P)(dmphen)] + SO4
●- → [Cu(P^P)(dmphen)]+* + SO4

2-     (10) 

 

Persulfate co-reactant ECL is not known for producing high intensity emission, nonetheless, 

complexes 1 and 6 gave moderately intense emission via this route with 2 and 3 giving weak ECL.  

 

Table 9. Electrochemical, photophysical and electrochemiluminescence (ECL) data for complexes 1, 

2, 3, 5 and 6 in acetonitrile. 

Complex 
Eoox Eored ΔEo λPL  λECL  ECL Intensityd 

[V vs 
SCE]a 

[V vs 
SCE] [V] [nm]b [nm]c Annihil

atione 
TPA co-
reactantf 

APS co-
reactantg 

1 (0.98) -2.14 3.09 562 577 x w m 

2 (1.02) -2.09 3.08 563 575 x m w 

3 0.85 -2.13 2.95 576 588 s s w 

5 0.59 (-2.19) 2.78 - - x x x 

6 (1.07) -2.12 3.16 560 566 x m m 
a) Cyclic voltammograms were recorded at 50 mV.s-1 in deaerated acetonitrile containing 0.1 M 

(nBu4N)PF6 , Eo is defined as the mid-point between the oxidation and reduction peak, values in 

parentheses represent peak potentials for chemically irreversible processes. b) Photoluminescence 
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spectra were measured in deaerated acetonitrile at 298 K at a concentration of 10 µM using an excitation 

wavelength of 380 nm. c) All ECL spectra were measured in deaerated acetonitrile containing 0.1 M 

(nBu4N)PF6 at a complex concentration of 1 mM. d) Deaerated acetonitrile containing 0.1 M 

(nBu4N)PF6 at a complex concentration of 1 mM. x = no ECL, w = weak, m = medium, s = strong. e) 

Annihilation ECL was elicited by stepping sequentially 50 mV past the first oxidation peak then the 

first reduction peak. f) TPA co-reactant ECL was elicited by stepping 50 mV past the first oxidation 

peak in the presence of 5 mM TPA. g) APS co-reactant ECL was elicited by stepping 50 mV past the 

first reduction peak in the presence of 5 mM APS. 

 

Similar to what we found for solid-state photoluminescence, complex 3 exhibited stronger 

annihilation ECL and TPA co-reactant ECL while the other four complexes showed only moderate or 

weak ECL emission. None of the complexes exhibited strong ECL with APS co-reactant; however, 

complexes 1 and 6 did show stronger ECL compared to complex 3, which only showed weak ECL with 

APS co-reactant. No significant correlation was observed between ECL intensities and percent volume 

buried (Figure S25). To the best of our knowledge, this is the first ECL study involving heteroleptic 

copper (I) complexes. Despite the potential advantages of low cost, ease of synthesis and ease of 

purification, reports of electrochemiluminescent copper complexes are exceedingly rare; and usually 

the emission is found to be very weak. An example, [Cu(dmphen)2]+ was reported by McCall in 200166 

to give weak co-reactant ECL (co-reactant used: tri-n-propylamine), which was slightly enhanced in the 

presence of surfactant. The scarcity of copper-based electrochemiluminophores is perhaps not 

surprising given the photophysical and electrochemical criteria that need to be satisfied for efficient 

ECL. In particular, the oxidative instability of such compounds appears to be the main confounding 

factor. In this context, the ECL exhibited by complex 3 in the present study (vide infra), although 

somewhat lower than that of the ruthenium-based standard, is exceptional and suggests that complexes 

of this class should be pursued as a potentially fruitful avenue for the discovery of new 

electrochemiluminophores. 

 

 

Electroluminescence 

The electroluminescence (EL) of the series of complexes was initially tested in light-emitting 

electrochemical cells (LECs), in view of the ionic character of the compounds. Complexes 4 and 7 were 

not implemented in devices because of their low FPL in the neat thin films. Planar LECs (structure in 

Figure 8a) were prepared on pre-patterned indium tin oxide (ITO) glass substrates, coated with a thin 

layer of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, 40 nm) to smooth the 

ITO surface and increase its work function. The emissive layer (EML) consisted of a mixture of each 

complex and LiBF4 (9:1 molar ratio), which is added to increase the ionic conductivity within the film. 
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The EML was spin-coated from 20 mg/mL acetonitrile solutions of the complex with the ionic additive. 

Devices were finished with the vacuum-deposition of an aluminum cathode. Characterization was 

carried out in a nitrogen-filled glovebox without encapsulation, and LECs were driven with pulsed 

current (100 A m−2 average current density, 1 kHz, 50% duty cycle) while monitoring the 

electroluminescence intensity. The optoelectronic characterization of the LECs is reported in Figure 8, 

while the main performance parameters are summarized in Table 10. Note that we also measured the 

FPL of thin films with the same composition as the EML of LECs (in the presence of LiBF4), and found 

a large increase in luminescence efficiency (Table 10), which might be ascribed to a dilution effect of 

the LiBF4. We detected electroluminescence within a few tens of second after biasing the devices, with 

the exception of complex 3, which showed instantaneous turn-on, and of complex 5, which displayed 

only negligible luminescence even after hours of operation. The latter observation correlates with the 

low FPL in the solid state. Most likely, under current injection, complex 5 undergoes some degree of 

chemical degradation, as suggested from its EL spectrum (Figure 8c), possibly a consequence of its low 

oxidation potential (Table 3). The rest of the complexes show EL spectra in LECs with emission 

maxima at about 575 nm, with complex 3 showing a slightly red-shifted emission peaking at 582 nm. 

These values are systematically red-shifted with respect to the PL obtained from films with the same 

composition as the EML (with LiBF4). See Table S3 for a detailed overview of the spectral features for 

all complexes. 

 

 
Figure 8. (a) Schematic of the device layout used for LECs. (b) Luminance (left) and corresponding 

current efficiency (CE, right) vs. time for devices driven at 100 A m-2. (c) Electroluminescence spectra 

and (d) evolution of the external quantum efficiency (EQE) over time for the same device series. 
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All devices show the typical evolution of the electroluminescence vs. time, with an early maximum 

followed by a decay whose slope varies with the nature of the complex, resulting in lifetimes (t1/2, time 

to decay to half Lummax) of tens of hours at best for complex 3. The maximum detected luminance 

(Lummax) varies from approximately 100 cd m-2 for complex 6, to 450 cd m-2 for complex 3, 

corresponding to maximum current efficiencies (CEmax) of 1.1 and 4.5 cd A-1, respectively. As detailed 

in Table 9, the maximum external quantum efficiency (EQEmax) for the LECs varies from about 0.5 to 

2%, indicating the presence of severe non-radiative recombination losses. In order to quantify them, we 

calculate the ratio of EQEmax to the maximum theoretical efficiency for each complex (EQEtheo), which 

we approximate to the product of the FPL and the light outcoupling efficiency (≈ 0.2), considering carrier 

balance and exciton generation efficiency as unity. Such quantum yield ratio (QYR) permits a 

quantification of the losses in spite of the different FPL for each complex. 
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Table 10. Electroluminescent performance of LECs. 

Name 
PLQY / 

% 

LECs OLEDs 

ton / 

s 

Lummax /   

cd m-2 

t1/2 /    

h 

CEmax /    

cd A-1 

EQEmax /   

% 
QYR 

Lummax /   
cd m-2 

CE100 /  
cd A-1 

CEmax /  
cd A-1 

EQEmax / 

% 
QYR 

1 48 26  169 0.2 1.7 0.65 0.07 1860 4.9 11.1 3.6 0.38 

2 38 44  223 4.3 2.2 0.84 0.11 101 0.4 0.7 0.2 0.03 

3 54 0  452 16.5 4.5 1.85 0.17 937 7.4 13.9 4.4 0.41 

5 9 N/A 2 N/A N/A N/A N/A 243 0.6 0.7 0.2 0.11 

6 11 18  108 0.1 1.1 0.45 0.20 575 2.8 7.1 2.5 ≈ 1 

 

The QYR shows that non radiative losses are more severe for devices with complexes 1 and 2 

(EQEmax is at approximately 10% of the theoretical maximum), while they are somewhat attenuated for 

complexes 3 and 6 (about 20%). While LECs based on complex 6 are limited in efficiency by the FPL 

of the compound, those prepared for the LEC with complex 3 show a combination of intense 

electroluminescence and promising stability, with a lifetime of 16.5 hours. The EQEmax of complex 3 

(1.85%) is lower than that reported for [Cu(DPEPhos)(dnbp)]+ (EQEmax = 16%, the structure can be 

found in Figure S26), the LEC employing complex 3 is much more stable (t1/2 = 1.25 versus 16.5 h for 

[Cu(DPEPhos)(dnbp)]+ and complex 3, respectively).67 With these performance metrics, LECs based 

on complex 3 are among the highest performing LECs demonstrated with similar Cu(I) complexes (e.g., 

EQEmax = 1.8%, 1.7% and 1.1% for [Cu(DPEPhos)(2-Etphen)]+, [Cu(xantphos)(4,5,6-Me3bpy)]+ and 

[Cu(xantphos)(2-Etphen)]+, respectively, the structures of these can be seen in Figure S26).22,26 

 

In LECs, a single compound (the Cu(I) complex in this case) has to sustain the processes of 

charge injection, transport, and recombination, unavoidably limiting the upper efficiency of this type of 

EL device. In organic light-emitting diodes (OLEDs), each process is carried out by different materials 

located in different layers of the device, which explains why state-of-the-art OLEDs can compete with 

other solid-state lighting technologies in terms of both efficiency and stability.68 In order to study the 

EL properties of the series of complexes decoupling their charge injection/transport ability, we have 

prepared solution-processed multilayer OLEDs (structure in Figure 9a) using the complexes as emitters 

in a host-guest EML. Briefly, OLEDs were prepared on patterned glass/ITO substrates coated with 

PEDOT:PSS. A thin layer of the hole-transporting material (HTM) N4,N4'-di(naphthalen-1-yl)-N4,N4'-

bis(4-vinylphenyl)biphenyl-4,4'-diamine (VNPB) was spin-coated from 5 mg mL-1 solutions in toluene 

and annealed at 180 ºC for 30 minutes. The thermal treatment triggers the cross-linking of the HTM, 

allowing subsequent solution-processing of the EML on top of the HTM. The EML consisted of a blend 

of 4,4',4-tris(carbazol-9-yl)triphenylamine (TCTA) and 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-

5-yl]benzene (OXD-7), with 5 wt.% of the complex. The mixture was spin-coated from chlorobenzene 

solutions (5 mg mL-1 TCTA, 5 mg mL-1 OXD-7, 5 wt.% Cu(I) complex) and annealed at 100 ºC for 15 

minutes, resulting in 30 nm-thick films. Devices were finished with the deposition of a 40 nm thick film 
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of 1,3-bis[3,5-di(pyridin-3-yl)phenyl]benzene (BmPyPhB), used as electron transport material (ETM) 

and a Ba (5 nm)/Ag (100 nm) bilayer cathode. The optoelectronic characterization is reported in Figure 

9, while the main performance parameters are summarized in Table 10. 

 
Figure 9. a) The standard structure of OLED devices; b) The current density and luminance vs. voltage 

(J-V-L) curves; c) The normalised emission spectra of OLED devices; d) The external quantum 

efficiency (EQE) of OLED devices. 

 

The current density and luminance vs. voltage (J-V-L) curves (Figure 9b) were collected in the -2 to 10 

V range. All devices show a low current density (< 10-3 A m-2) in the low voltage regime, a sign of a 

high-quality diode. Current injection started at about 2 V, with a steep rise reaching current densities in 

between 102 and 103 A m-2 at 10 V. The corresponding turn-on voltage (voltage where EL is detected 

from the photodiode sensor) was around 3 V. The maximum luminance registered at the same bias 

voltage varied substantially depending on the copper complex used as the emitter. Electroluminescence 

could be detected in OLEDs made using complex 5 (in contrast to the LECs), with a Lummax of 243 cd 

m-2, corresponding to moderate CEmax and EQEmax of 0.7 cd A-1 and 0.2 %, respectively. In spite of the 

good FPL, the OLED with complex 2 showed rather weak EL (Lummax = 100 cd m-2), with CEmax and 

EQEmax of only 0.7 cd A-1 and 0.2 %, lower even than those measured in LECs. Bright devices were 

obtained with complexes 1, 3 and 6, displaying Lummax of 1860, 937 and 575 cd m-2 that corresponds 

to CEmax of 11.1, 13.9 and 7.1 cd A-1, respectively. The EQEmax of the same OLEDs based on complexes 

1, 3 and 6 was hence improved compared to the analogous LECs, up to 3.6, 4.4 and 2.5%, respectively. 

Looking at the QYR calculated for the OLEDs (Table 10), the devices employing complexes 1 and 3 

reached approximately 40% of the theoretical maximum efficiency, while the device with complex 6 

was found to have an EQE close to the theoretical limit, considering the moderate FPL of 11%. Indeed, 
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this demonstrates that Cu(I) complexes do suffer from strong EL quenching in LECs but can be used in 

efficient electroluminescent devices when they are not responsible for the charge injection and transport 

processes in the EL devices.  

 
The relationships between EL device performances and percent volume buried (%Vbur) were 

studied for the 5 complexes. For both OLEDs and LECs, a moderate trend is revealed that seems to 

suggest that complexes with large %Vbur also show higher EQEmax, as this latter factor is directly 

proportional to FPL. 

 
Figure 10. Correlations between LEC(a,b)/ OLED(c,d) EQEmax and percent volume buried (%Vbur). 

 

Conclusions	

Herein, we studied the photophysics, electrochemistry and electroluminescence of a family of 

seven heteroleptic Cu(I) complexes. In contrast to previous studies that focused more on structural 

modification of the N^N ligands,22,27 our study focuses on the use of a range of structurally distinct P^P 

ligands within the Cu(I) complexes. The use of homoxantphos, isopropxantphos, nixantphos, 

thixantphos and benzoxantphos within Cu(I) complexed is unprecedented in electroluminescent studies. 

Comparison of the structures of the complexes with the solid-state photophysics revealed that 

complexes with higher %Vbur generally have higher FPL. Further, studies on the performance of LECs 

and OLEDs demonstrated similar correlations between %Vbur and EQEmax. Amongst all seven 

complexes, complex 3, which has the highest %Vbur, showed the highest solid-state FPL (54%) as well 

as the highest EQEmax for the LEC (1.85%) and OLED (4.4%) devices. Complex 3 also showed an 

improved ECL performance compared to the others in the family. This was explained by the improved 
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stability of both oxidised and reduced forms, which was apparent in its voltammetric profile. To the 

best of our knowledge, this is the first ECL study involving heteroleptic copper (I) complexes. 

Compared to the benchmark of Cu(I)-based LECs, [Cu(dnbp)(DPEPhos)]+, complex 3 showed much 

longer device lifetime (t1/2 = 1.25 h and >16.5 h for [Cu(dnbp)(DPEPhos)]+ and complex 3, 

respectively). 
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