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Abstract 

 
A series of copper(I) complexes of the type [Cu(HN-xantphos)(N^N)][PF6] and [Cu(BnN- 

xantphos)(N^N)][PF6], in which N^N = bpy, Mebpy and Me2bpy, HN-xantphos = 4,6- 

bis(diphenylphosphanyl)-10H-phenoxazine and BnN-xantphos = 10-benzyl-4,6- 

bis(diphenylphosphanyl)-10H-phenoxazine is described. The single crystal structures of 

[Cu(HN-xantphos)(Mebpy)][PF6] and [Cu(BnN-xantphos)(Me2bpy)][PF6] confirm the 
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presence of N^N and P^P chelating ligands with the copper(I) atoms in distorted coordination 

environments. Solution electrochemical and photophysical properties of the BnN-xantphos- 

containing compounds (for which the highest-occupied molecular orbital is located on the 

phenoxazine moiety)  are reported.  The  first  oxidation of [Cu(BnN-xantphos)(N^N)][PF6] 
 

occurs on the BnN-xantphos ligand. Time-dependent density functional theory (TD-DFT) 

calculations have been used to analyze the solution absorption spectra of the [Cu(BnN- 

xantphos)(N^N)][PF6] compounds. In the solid-state, the compounds show 

photoluminescence in the range 518–555 nm for [Cu(HN-xantphos)(N^N)][PF6] and 520–575 

nm for [Cu(BnN-xantphos)(N^N)][PF6] with a blue-shift on going from bpy to Mebpy to 

Me2bpy. [Cu(BnN-xantphos)(Me2bpy)][PF6] exhibits a solid-state photoluminescence 

quantum yield of 55% with an excited state lifetime of 17.4 µs. Bright light-emitting 

electrochemical cells were obtained using this complex, and we show that the 

electroluminescence quantum yield can be enhanced by using less conducting hole 

injection layers. 

 
 
1. Introduction 

 
Photoluminescence arising from the metal-to-ligand charge transfer (MLCT) triplet state of 

copper(I) complexes with 2,2'-bipyridine (bpy) or 1,10-phenanthroline combined with 

phosphane or bis(phosphane) ligands, [Cu(P^P)(N^N)]+ complexes, was first described 

by McMillin.[1,2] Current development of technologies for solid-state lighting, and in 

particular light-emitting electrochemical cells (LECs) based upon solid state 

electroluminescent materials,[3–5] coupled with the use of Earth-abundant metals has led 

to a growing interest in [Cu(P^P)(N^N)]+ ionic transition-metal complexes (iTMCs), in which 

the chelating  P^P ligand is often bis(2-(diphenylphosphino)phenyl)ether (POP) or 4,5-

bis(diphenylphosphino)- 9,9-dimethylxanthene (xantphos, Scheme 1). The fact that many 

compounds in this family exhibit thermally activated delayed fluorescence (TADF), which 

results in an indirect harvesting of singlet-state fluorescence and a concomitant 
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enhancement in light emission, makes their investigation especially relevant.[6–8] 

Despite   the   wide   variety  of   N^N   ligands   that   have   been   incorporated   into 
 
[Cu(POP)(N^N)][PF6]   and   [Cu(xantphos)(N^N)][PF6]   compounds,   some   of   the   most 
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promising in terms of LEC performance contain simple 6-alkyl, 6-alkyloxy or 6,6'-dialkyl 

substituted bpy ligands with small alkyl or alkyloxy groups.[9–12] These iTMCs exhibit fast 

electroluminescence turn-on times and a LEC containing [Cu(xantphos)(Me2bpy)][PF6] 

(Me2bpy = 6,6'-dimethyl-2,2'-bipyridine) achieved a maximum efficacy of 3.0 cd A–1 

(luminance = 145 cd m–2) with a device lifetime of 1 h. We have reported increased 

lifetimes of >15 h for a LEC with [Cu(xantphos)(Mebpy)][PF6] but this is at the expense of 

the efficacy (1.9 cd A–1). LECs containing the iTMCs [Cu(xantphos)(Etbpy)][PF6] and 

[Cu(POP)(Etbpy)][PF6] have achieved device lifetimes of 50 and 80 h, respectively.[10] 

A LEC in which the iTMC was [Cu(POP)(MeObpy)][PF6] (MeObpy = 6-methoxy-2,2'- 

bipyridine) was found to be very stable (lifetime >200 h) but was slow to turn-on and had a 

maximum luminance of only 17 cd m−2.[11] The trade-off between brightness and 

device lifetime, not only in copper-based but also in iridium-based LECs, is something that 

we and others regularly encounter and is a major hurdle to the practical application of 

these devices.[10,13,14] 

The typical choices of P^P ligands in [Cu(P^P)(N^N)]+ iTMCs for LEC applications 

are POP and xantphos, and the presence of the aryl substituents on the phosphorus 

atoms appears crucial for superior photophysical properties. We have demonstrated that 

replacing the PPh2 groups in xantphos by PtBu2 units leads to weak emissions, both in 

solution and the solid state, probably due to vibrational quenching effects.[15] The HN-

xantphos ligand, in which the CMe2 group of the xanthene backbone is replaced by 

NH, is, like POP and xantphos, commercially available and has been extensively used as 

a wide bite-angle bis(phosphane) in homogeneous catalysis.[16–22] [Cu(HN-

xantphos)(Me2Ph2phen)][PF6] (Me2Ph2phen = 2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline) was reported by Beller and coworkers[23] as a member of a series of 

[Cu(P^P)(Me2Ph2phen)]+ complexes used as photosensitizers  in  the  photocatalytic  H2   

generation  from  water  under  basic  conditions. 
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[Cu(HN-xantphos)(ppipH)][ClO4] (ppipH = 2-(pentafluo-rophenyl)-1H-imidazo[4,5-f][1,10]-

phenanthroline) has been reported and exhibits an emission maximum at 570 nm in the solid 

state (λexc = 365 nm), although no photoluminescence quantum yield was given.[24] 

However, there appear to be no examples in the literature of [Cu(RN-xantphos)(N^N)]+ 

iTMCs used in LECs. 

We here report the synthesis and characterization of [Cu(HN-xantphos)(N^N)][PF6] 

and [Cu(BnN-xantphos)(N^N)][PF6] complexes, in which HN-xantphos and BnN-xantphos 

bear an NH and NCH2Ph functionality, respectively and the N^N ligands are bpy, 6-methyl- 

2,2'-bipyridine (Mebpy) and 6,6'-dimethyl-2,2'-bipyridine (Me2bpy). The effects of 

substituting the widely used xantphos P^P ligand by HN-xantphos and BnN-xantphos on 

both the photophysical properties of the compounds and the application in LECs of the 

most emissive one are described. 

 
 
2. Results and discussion 

 
2.1. Synthesis and solution characterization of copper(I) complexes 

 
The P^P ligand BnN-xantphos (Scheme 1) was prepared by the reaction of HN-xantphos 

with benzyl chloride as previously reported.Error! Bookmark not defined. [Cu(HN-

xantphos)(N^N)][PF6] and [Cu(BnN-xantphos)(N^N)][PF6] with N^N = bpy, Mebpy and 

Me2bpy (Scheme 1) were synthesized by adding a CH2Cl2 solution of the P^P and N^N 

ligands to a CH2Cl2 solution of [Cu(MeCN)4][PF6]. After work up, the [Cu(HN-

xantphos)(N^N)][PF6] compounds were isolated as pale, greenish-yellow solids in 50.7–

98.7% yields, whereas the pale yellow [Cu(BnN-xantphos)(N^N)][PF6] complexes were 

obtained in 71.5–88.5% yields. The electrospray mass spectrum of each compound showed 

two dominant peak envelopes (Figures S1–S6) arising from the [M–PF6]+ and [M–PF6–

(N^N)]+ ions. Isotope distributions were consistent with those expected. 
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Scheme 1. Structures of xantphos and the ligands employed in this work. Atom labels 

for NMR spectroscopic assignments are shown; the phenyl rings in the PPh2 groups of 

POP and xantphos are labelled D. 

 
 

1H and 13C{1H} NMR spectra were recorded in acetone-d6 for the series of 

compounds containing HN-xantphos and in CD2Cl2 for the [Cu(BnN-xantphos)(N^N)][PF6] 

complexes. The benzyl-substituted compounds were not sufficiently soluble in acetone-d6 to 

record NMR spectra, whereas the [Cu(HN-xantphos)(N^N)][PF6] complexes were unstable 

with respect to the formation of homoleptic [Cu(N^N)2][PF6] in CD2Cl2. Assignments of the 

1H and 13C{1H} NMR spectra were made using COSY, NOESY, HMQC and HMBC 

methods, and ring and atom labelling for the ligands are displayed in Scheme 1. Figure 

1 compares the high- frequency regions of the 1H NMR spectra of the HN-xantphos-

containing compounds (see Figure S7 in the Supporting Information for the BnN-xantphos 

compounds). 
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Figure 1. High-frequency regions of the solution 1H NMR spectra (500 MHz, acetone-d6, 298 

K) for (a) [Cu(HN-xantphos)(bpy)][PF6], (b) [Cu(HN-xantphos)(Mebpy)][PF6] and (c) 

[Cu(HN-xantphos)(Me2bpy)][PF6]. 

 
 
The signal for the NH proton appears at δ 8.21, 8.17 and 8.16 ppm in [Cu(HN- 

xantphos)(bpy)][PF6], [Cu(HN-xantphos)(Mebpy)][PF6] and [Cu(HN- 

xantphos)(Me2bpy)][PF6], respectively. Differences in the signals for the A and B rings in 

Figure 1a-c are consistent with the introduction of methyl groups in the 6-position (Figure 1b) 

and 6,6'-positions (Figure 1c) of the bpy ligand. In Figures 1a and 1c, the appearance of 

one set of signals (HD2, HD3 and HD4) for the P-attached phenyl rings is consistent 

with the presence of a symmetrical bpy or Me2bpy ligand. For the asymmetrical Mebpy, 

the D rings split into two sets: those pointing up (labelled D), which give rise to a NOESY 

cross-peak between protons HD2 and HMe(ring B), and those pointing down (labelled 

D'), which give a NOESY cross-peak between protons HD2' and HA6. This is better 

appreciated with reference to the structural discussion which follows. 

2.2. Crystal structures 
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Single crystals of [Cu(HN-xantphos)(Mebpy)][PF6].0.5CH2Cl2 and [Cu(BnN- 

xantphos)(Me2bpy)][PF6].CH2Cl2 were grown by diffusion of Et2O into CH2Cl2 solutions of 

the compounds. The compounds crystallize in the orthorhombic space groups Aba2 and 

Pbca, respectively. The structures of the two complex cations are shown in Figure 2a and 

2b, with selected bond distances and angles listed in the figure caption. Each copper(I) 

center is in a distorted tetrahedral environment, with P–Cu–P chelate angles of the HN-

xantphos and BnN- xantphos ligands of 120.67(3) and 118.87(3)°, respectively. These 

values compare to the calculated natural bite angles (defined only by the constraints of 

the ligand backbone) of 

114.2 and 114.1°, respectively.[25] 
 

 
 
 
Figure 2. (a) Structure (ellipsoids at 40% probability level and H atoms omitted) of the 

[Cu(HN-xantphos)(Mebpy)]+ cation. Selected bond parameters: Cu1–P1 = 2.2344(9), Cu1–
P2 

= 2.2925(9), Cu1–N1 = 2.080(3), Cu1–N2 = 2.067(3) Å; P1–Cu1–P2 = 120.67(3), P1–Cu1– 

N1 = 124.95(10), P2–Cu1–N1 = 99.62(9), P1–Cu1–N2 = 120.32(9), P2–Cu1–N2 = 103.01(9), 

N1–Cu1–N2 = 79.56(15)°. (b) Structure (ellipsoids at 40% probability level and H atoms 

omitted) of the [Cu(BnN-xantphos)(Me2bpy)]+ cation. Selected bond parameters: Cu1–P2 

= 2.3088(9), Cu1–P1 = 2.2508(9), Cu1–N2 = 2.088(3), Cu1–N1 = 2.106(3) Å; P1–Cu1–
P2 = 

118.87(3), N2–Cu1–P2 = 102.70(7), N2–Cu1–P1 = 119.84(7), N2–Cu1–N1 = 79.84(10), N1– 
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Cu1–P2 = 99.57(7), N1–Cu1–P1 = 127.80(8)°. (c) Overlay of the structures of the [Cu(HN- 

xantphos)(Mebpy)]+ (orange) and [Cu(BnN-xantphos)(Me2bpy)]+ (green) cations. For clarity, 

only the ipso-C atoms of the P-bonded phenyl rings are shown. The Me groups lying over 

the phenoxazine 'bowl' (lower right) are depicted in space-filling representation. 

 
 

The conformation of the phenoxazine unit is virtually identical in the two structures as 

the overlay in Figure 2c shows. The central ring adopts a boat conformation (Figure 2c 

and S8a†) leading to the phenoxazine unit presenting a 'bowl'-like unit. The sum of the 

C–N–C bond angles around atom N3 in [Cu(BnN-xantphos)(Me2bpy)]+ is 353.6(5)°, 

indicative of an sp2 hybridization. Differences between the corresponding C–N bond 

distances (N3–C38 = 1.414(4), N3–C29 = 1.406(4), N3–C31 = 1.452(4) Å) imply -

contributions to C29–N3 and C38–N3. In the [Cu(HN-xantphos)(Mebpy)]+ cation, the Mebpy 

ligand is oriented with the 6- methyl group lying over the phenoxazine 'bowl', and one of 

the methyl groups in [Cu(BnN- xantphos)(Me2bpy)]+ is similarly positioned (Figure 2c). 

We have previously commented upon comparable orientational preferences of 

asymmetrical 6-substituted bpy ligands in [Cu(xantphos)(6-Rbpy)]+ cations.[10,11,26] 

The bpy unit in both structures is close to planar with the angle between the 

least squares planes of the two pyridine rings being 7.6° in [Cu(HN-xantphos)(Mebpy)]+ 

and 5.8° in [Cu(BnN-xantphos)(Me2bpy)]+. Each bpy unit engages in a -stacking 

interaction with one of the P-bonded phenyl rings (Figure 2b). In [Cu(HN-

xantphos)(Mebpy)]+, the angle between the least squares planes through the phenyl ring 

containing C30 and the bpy unit is 14.0°, and the distance between the centroids of the 

rings with C30 and N1 is 3.93 Å (and with N2 = 4.26 Å). In [Cu(BnN-xantphos)(Me2bpy)]+, 

the angle between the planes through the bpy unit and the phenyl ring containing C44 is 

13.3°, and the distance between the centroids of the rings containing C44 and N1 is 3.82 

Å (4.40 Å for the ring with N2). Although the benzyl arene   ring  in   [Cu(BnN-

xantphos)(Me2bpy)][PF6]   is  not   involved  in  either  intra-  or intermolecular face-to-

face -stacking contacts, it exhibits an intermolecular π–CH contact (centroid...H3iC3i = 
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2.75 Å, symmetry code i = 1–x, 1/2+y, 3/2–z).[27,28] 

 
 
2.3. DFT calculations 

 
The geometries of the [Cu(HN-xantphos)(N^N)]+ and [Cu(BnN-xantphos)(N^N)]+ complexes 

in the ground electronic state (S0) were optimized at the DFT B3LYP-3D/(def2svp+def2tzvp) 

level. Calculations reproduce the main features discussed above for the X-ray geometries 

of [Cu(HN-xantphos)(Mebpy)]+ and [Cu(BnN-xantphos)(Me2bpy)]+: 1) the atoms forming 

the coordination sphere of the Cu atom define a distorted tetrahedral structure, 2) the 

phenoxazine unit adopts a ‘bowl’-like conformation in which the 6-methyl substituent of 

the complexes with Mebpy ligands lies, 3) the bpy ligands are quasi-planar with twist angles 

less than 10°, 4) the face-to-face -stacking interaction between one of the phenyl rings of 

the PPh2 units and the bpy ligand, 5) the -character of the C–N bonds of the phenoxazine 

unit with bond lengths of 1.40–1.41 Å, and 6) the orthogonal disposition of the benzyl 

ring with respect to the phenoxazine moiety in the [Cu(BnN-xantphos)(N^N)]+ complexes 

with a C–H···N distance of 2.52 Å. Figure S9 shows the minimum-energy structures 

calculated for [Cu(HN- xantphos)(Me2bpy)]+ and [Cu(BnN-xantphos)(Me2bpy)]+ as 

representative examples. 

The  frontier  molecular  orbitals  calculated  for  the  [Cu(HN-xantphos)(N^N)]+   and 
 
[Cu(BnN-xantphos)(N^N)]+ complexes are shown in Figure 3, together with those computed 

for [Cu(xantphos)(bpy)]+ included as a reference for comparison purposes. The lowest- 

unoccupied molecular orbital (LUMO) is located over the bpy ligand exhibiting an identical 

atomic orbital composition for all the complexes. It has a rather similar energy (‒2.56 eV) for 

[Cu(xantphos)(bpy)]+, [Cu(HN-xantphos)(N^N)]+ and [Cu(BnN-xantphos)(N^N)]+, and 

undergoes a gradual destabilization upon addition of electron-donating Me substituents to 

the bpy  ligand  (Figure  3).  This  effect  was  already  observed  for  similar  series  of  

Cu complexes.[29,30] Therefore, more negative reduction potentials are expected along 

both series of complexes. Regarding the highest-occupied molecular orbital (HOMO), it is 
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calculated at ‒ 

6.00 eV for [Cu(xantphos)(bpy)]+ and mainly resides over the metal atom with some 

extension to the neighboring phosphorus atoms (Figure 3). An MO featuring an identical 

topology and appearing at almost the same energy is found for the HN-xantphos- and 

BnN- xantphos-containing complexes, but it now corresponds to the HOMO–1. For 

these complexes, the HOMO is calculated at higher energies around ‒5.75 eV and is placed 

over the phenoxazine unit. This MO also exists for the reference [Cu(xantphos)(bpy)]+ 

complex but it is calculated 1 eV lower in energy (‒6.76 eV) and corresponds to the HOMO–

3. 

 

 
 
Figure 3. Energy diagram displaying the energies calculated for the frontier  molecular 

orbitals of [Cu(HN-xantphos)(N^N)]+, [Cu(BnN-xantphos)(N^N)]+ and [Cu(xantphos)(bpy)]+ 

complexes. The HOMO‒LUMO energy gaps are also quoted. Isovalue contour plots (±0.03 

a.u.) are shown for MOs of complexes [Cu(HN-xantphos)(bpy)]+ and [Cu(xantphos)(bpy)]+. 

The topology calculated for the corresponding MOs of the other complexes is similar. 
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The presence of the -conjugated nitrogen atom in the RN-xantphos-type ligands (R = H 

or Bn) instead of the CMe2 unit present in the xantphos ligand destabilizes the MO and 

places it as the HOMO at almost constant energies around 0.25 eV above the HOMO–1 

centered on the metal and the phosphorus atoms. As discussed below, this has special 

consequences on the oxidation behavior of the [Cu(HN-xantphos)(N^N)]+ and [Cu(BnN-

xantphos)(N^N)]+ complexes, for which less positive oxidation potentials have to be 

expected compared to xantphos-containing complexes. Since both the HOMO and the 

HOMO–1 remain almost constant in energy for the [Cu(HN-xantphos)(N^N)]+ and 

[Cu(BnN-xantphos)(N^N)]+ complexes, the HOMO−LUMO and also the (HOMO–1)−LUMO 

energy gap gradually widens along each series of complexes as the number of Me 

substituents increases. Therefore, it is expected that the first triplet excited state (T1) 

features increasing energies along the series, leading to blue-shifted light emission as Me 

groups are added. This is consistent with the description of the first triplet state previously 

discussed for complexes bearing the xantphos ligand.[10,29–31] 

 
 
2.4. Electrochemistry and oxidized species 

 
The instability of the [Cu(HN-xantphos)(N^N)][PF6] compounds in CH2Cl2 (see above) 

precluded the electrochemical investigation of these compounds in CH2Cl2. Attempts to 

find another suitable solvent were unsuccessful, largely due to solubility issues. 

Therefore, we decided to focus only on the [Cu(BnN-xantphos)(N^N)][PF6] complexes. The 

electrochemical properties of the BnN-xantphos ligand and of the copper(I) complexes 

were investigated by cyclic voltammetry in CH2Cl2, and the redox processes are 

summarized in Table 1. Figure S10 shows the cyclic voltammograms (CVs) recorded for 

BnN-xantphos and [Cu(BnN- xantphos)(N^N)][PF6] (N^N = bpy, Mebpy, Me2bpy). The 

BnN-xantphos ligand shows a 

quasi-reversible  oxidation  process  at  +0.33  V,  which  was  assigned  to  oxidation  of  the 
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electron-rich BnN environment. No reduction processes were observed within the solvent 

accessible window. The CV of each copper(I) complex (Figure S10) exhibits a single 

oxidation process. In good agreement with the theoretical predictions, the E1/2ox  values 

of 

+0.58, +0.62 and +0.61 V recorded for the BnN-xantphos-containing complexes (Table 1) are 

significantly lower than the values of +0.76, +0.85 and +0.90 V previously reported for the 

xantphos complexes [Cu(xantphos)(bpy)][PF6], [Cu(xantphos)(Mebpy)][PF6] and 

[Cu(xantphos)(Me2bpy)][PF6], respectively.[30] As discussed above, in the xantphos 

complexes the HOMO is located on the copper atom and its phosphorus environment and 

the oxidation process mainly arises from a Cu+/Cu2+ process. In contrast, for the BnN-

xantphos- containing compounds, the HOMO fully resides on the phenoxazine moiety at 

higher energies (Figure 3) and the first oxidation is expected to be ligand-centered. Taking 

the scan past +1.0 V leads to the observation of a second (irreversible) oxidative process, 

assigned to a phosphane oxidation. 

 
 
Table 1. Cyclic voltammetry data for [Cu(BnN-xantphos)(N^N)][PF6] complexes in CH2Cl2 

(ca. 2 × 10−3 M, vs. Fc+/Fc, [nBu4N][PF6] as supporting electrolyte, scan rate = 0.1 V s−1). 

 
 
All the complexes show an irreversible reduction process (Table 1 and Figure S10) which 

moves to more negative potentials on going from bpy to Mebpy to Me2bpy. This trend 

was previously observed in series of related complexes,[31] and is consistent with the LUMO 

being located on the N^N ligand and increasing in energy with the number of Me groups 

(Figure 3). To investigate in more detail the oxidation processes, the dication and trication 
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species of the [Cu(HN-xantphos)(bpy)]+ and [Cu(BnN-xantphos)(bpy)]+ were calculated 

theoretically. In both cases, the oxidation of the cation leading to the 2+ species takes place 

over the phenoxazine unit. This is clearly reflected by the electron spin-density plots 

computed for the dication species, which show that the unpaired electron resides over the 

RN-xantphos (R = H or Bn) region, reproducing the topology of the HOMO (Figure S11). 

After extracting the first electron, the electron density of the molecules rearranges and both 

the α and HOMOs of the open-shell dication are located on the copper atom and its 

phosphorus environment (Figure S12), and the extraction of the second electron to produce 

the 3+ species takes place from this part of the molecule. The spin-density plots 

calculated for the optimized trications clearly show that one unpaired electron resides over 

the phenoxazine moiety and the other spans over the CuP2 environment (Figure S11). 

The trications are therefore calculated as open-shell triplet species. 

 
 
2.5. Photophysical behavior 

 
The solution absorption spectra of the [Cu(BnN-xantphos)(N^N)][PF6] compounds (Figure 

4a and Table 2) are dominated by intense bands below 350 nm arising from spin-

allowed 

* and n* transitions. The shift to lower energies of the shoulder around 307–319 nm 

as additional methyl groups are introduced into the bpy unit is also a feature of the 

analogous [Cu(xantphos)(N^N)][PF6] compounds.[10] The low intensity absorption band at 

around 400 nm in Figure 4a most likely arises from transitions to metal-to-ligand charge 

transfer (MLCT) excited states. Figure 4a also shows the absorption spectrum of 

[Cu(xantphos)(Me2bpy)][PF6] in which the MLCT band is clearly visible. Because of the 

instability of the [Cu(HN- xantphos)(N^N)][PF6] compounds in CH2Cl2 (see earlier), reliable 

solution absorption spectra could not be obtained for these complexes. Although the 

compounds are stable with respect to ligand redistribution in acetone, the UV-Vis cut-off of 

330 nm rendered this an unsuitable 

alternative    solvent.    The    theoretical    absorption    spectrum    of    complex    [Cu(BnN- 



15 

 

 

xantphos)(bpy)]+ was simulated (Figure S13) by calculating the lowest-energy 300 singlet 

excited states below 6.2 eV (200 nm) at the optimized geometry of S0 using the time- 

dependent DFT (TD-DFT) approach. As in the experimental spectrum (Figure 4a), the most 

intense absorption band appears below 300 nm and originates from a manifold of 

transitions of both * and n* nature. Above 325 nm, two bands are predicted, both 

corresponding to excited states of MLCT nature. The lowest-energy band computed at 442 

nm is correlated with the experimental band observed at 400 nm and is mainly due to the 

HOMO–1LUMO excitation (87%) associated to an electron promotion from the CuP2 

environment to the bpy ligand (Figure 3). The HOMOLUMO excitation involving a ligand-

to-ligand charge transfer (LLCT) from the phenoxazine moiety to the bpy ligand is actually 

calculated at lower energies (460 nm) but it shows a negligible intensity with an oscillator 

strength (f) of only 0.002. This is the reason why the lowest-energy band observed in the 

experimental UV-Vis spectra appears at similar wavelengths (~ 400 nm) for both BnN-

xantphos- and xantphos- containing complexes (Figure 4a). The band observed around 

335−340 nm is associated to the band calculated at 346 nm for [Cu(BnN-xantphos)(bpy)]+ 

and results from the HOMO– 1LUMO+1 (95%) MLCT excitation. Solution emission 

spectra were recorded for the [Cu(BnN-xantphos)(N^N)][PF6] complexes, exciting into the 

MLCT band (exc = 410 nm) (Table 2 and Figure S14). The solution emissions are weak, 

but show a blue-shift from 650 to 600 to 560 nm upon introducing one, then two Me 

groups into the bpy unit. This trend follows those previously observed for related 

[Cu(P^P)(N^N)][PF6] series.[31] Photoluminescence quantum yields (PLQYs) measured in 

deaerated solutions are lower than 2% and the compounds exhibit very short excited-state 

lifetimes (Table 2). 
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Figure 4. a) Absorption spectra of solutions (2.5 × 10–5 M in CH2Cl2) of [Cu(BnN- 

xantphos)N^N)][PF6] with N^N = bpy, Mebpy and Me2bpy compared with the spectrum of 

[Cu(xantphos)(Me2bpy)][PF6]. b) Photoluminescence spectra of powder samples of [Cu(HN- 

xantphos)(N^N)][PF6] and [Cu(BnN-xantphos)N^N)][PF6] with N^N = bpy, Mebpy and 

Me2bpy (exc = 375 nm). 

 
 

Solid-state emission data were recorded for all the [Cu(HN-xantphos)(N^N)][PF6] and 

[Cu(BnN-xantphos)(N^N)][PF6] compounds (Table 2 and Figure 4b). For each series of 

compounds, the emission maximum blue-shifts on going from bpy to Mebpy to Me2bpy 

consistent with earlier reports,[31] whereas the attachment of the benzyl group to the 

phenoxazine moiety of the P^P ligand causes a red-shift ranging from 20 nm for 

[Cu(P^P)(bpy)][PF6] to 2 nm for [Cu(P^P)(Me2bpy)][PF6]. As expected from our previous 

investigations of [Cu(xantphos)(N^N][PF6] complexes,[9,10,31] the presence of 6-methyl or 

6,6'-dimethyl substituents in the bpy domain is beneficial in terms of PLQY and excited-state 

lifetime (Table 2). 
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Table 2. Photophysical characterization for deaerated solutions (CH2Cl2, 2.5 × 10−5  M) 

and powder of the [Cu(N^N)(P^P)][PF6] complexes. 

 
 
 
The electronic nature of the emitting triplet states of the copper(I) complexes studied was 

investigated using TD-DFT calculations. Table S1 summarizes the vertical excitation energies 

and electronic description calculated for the first three triplet states (T1 to T3) and the 

lowest- energy singlet excited state (S1). The results obtained for the reference 

[Cu(xantphos)(bpy)]+ complex are included for comparison purposes. The T1 triplet 

corresponds, in all the complexes, to a state of MLCT nature involving an excitation from 

an MO centered on the metal atom (the HOMO in the reference complex, the HOMO–1 in 

HN-xantphos and BnN- xantphos complexes) to the LUMO centered on the bpy-moiety. 

The T1 state is calculated at the same energy (~2.55 eV) for the [Cu(xantphos)(bpy)]+, 

[Cu(HN-xantphos)(bpy)]+ and Cu(BnN-xantphos)(bpy)]+ complexes and increases in energy 

as Me groups are added to the bpy ligand. This is agreement with the destabilization of 

the LUMO induced by the addition of Me substituents discussed above (Figure 3). As the 

energy difference between T1 and T2 is relevant (0.15−0.20 eV), it is therefore expected 

that the phosphorescent emission takes place from T1  and shifts to shorter wavelengths 

along each series in good agreement with the experimental data (Table 2). 
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To further investigate the electronic nature of the emitting state, the geometry of the 

lowest-energy triplet of each complex was optimized at the unrestricted UDFT level. The 

electron-unpaired spin-density plots calculated for the optimized T1 state of 

[Cu(xantphos)(bpy)]+ and Cu(HN-xantphos)(bpy)]+ are displayed in Figure 5 as 

representative examples. 

 
 
 

 
 
Figure 5. Energy diagram of the lowest-energy excited states calculated at the TD-DFT 

level for [Cu(xantphos)(bpy)]+ and [Cu(HN-xantphos)(bpy)]+ at the minimum-energy 

geometry of the ground state S0. The vertical excitation energy, the main contributing 

excitation and the nature are indicated for each state. The unpaired-electron spin-density 

plots (isocontours of 

0.002 a.u.) computed at the UDFT level for the fully relaxed T1 state of both complexes are 

also shown. 

 
These plots show that, in agreement with the TD-DFT predictions, the T1 state of all 

the complexes implies a charge transfer from the metal center to the bpy ligand and has an 

MLCT
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nature consistent with the HOMO–1LUMO excitation (HOMOLUMO for 

[Cu(xantphos)(bpy)]+). Therefore, on the basis of both TD-DFT and UDFT calculations, the 

3LLCT (HOMOLUMO) triplet state does not play any special role in the phosphorescent 

emission of HN-xantphos- and BnN-xantphos complexes. It is also worth mentioning that, as 

previously discussed for xantphos-containing complexes,[29,31] the partial oxidation of 

the copper atom in the T1 state leads to the geometry of the complex in T1 deviating 

from the tetrahedral geometry obtained for S0 and rather tends to adopt a square-planar 

coordination geometry. This geometrical relaxation is partially restricted by the presence 

of Me substituents in the 6 and 6'-positions of the bpy ligand,[29,31] and the emission 

from T1 blue- shifts upon increasing the number of Me groups. 

The occurrence of TADF processes has been previously postulated for Cu(I) complexes 

with chemical structures similar to those of the complexes studied in this work.[6–8] A 

requirement for TADF is that the energy difference between the lowest-lying T1 triplet and 

the emitting singlet excited state S1 has to be small to favor the reverse inter-system 

crossing (RISC) from T1 to S1. For the [Cu(HN-xantphos)(N^N)]+ and [Cu(BnN-

xantphos)(N^N)]+ complexes, the energy difference between S1 and T1 is predicted in 

the range 0.14–0.20 eV at the optimized geometry of S0 (Table S1), which is lower than 

that computed for the [Cu(xantphos)(bpy)]+ complex (0.25 eV) and small enough to favor 

the RISC process (Figure 5). However, the HOMOLUMO S1 state in HN-xantphos and 

BnN-xantphos complexes presents a very small oscillator strength (< 0.01, Table S1), 

well below that of [Cu(xantphos)(bpy)]+ (f = 0.10), and, if TADF does occur, it will make 

only a small contribution to the emission. Thus, the RISC process in these complexes 

would in principle work as a non-radiative decay route instead of increasing the emission 

through TADF, as it favors the depopulation of the emitting T1 state to populate a non-

emitting singlet excited state. 
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3. Light-emitting electrochemical cells 
 
In view of the high PLQY (55%) of the [Cu(BnN-xantphos)(Me2bpy)][PF6] complex in the 

solid state, we selected this compound to study its electroluminescence (EL) properties 

when used as the active layer in LECs. Details of the device fabrication are given in the 

Supporting Information. LECs are normally deposited on a transparent conducting 

substrate (glass with indium tin oxide, ITO), coated with poly-(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS), which is used to smooth the electrode surface and to 

enlarge its work function (WF). PEDOT:PSS is commercially available in different 

formulations, with variable WF and conductivity. The two parameters are mutually related 

and determined by the effective PEDOT to PSS ratio in the formulation.[32] The most 

common PEDOT:PSS used in LECs (commercial name CLEVIOS™ P VP AI 4083) has 

a PEDOT to PSS weight ratio of 1:6, exhibiting a conductivity of approximately 10−3-10−4 

S cm−1 and a WF = 4.85 eV. Increasing the amount of PSS in the formulation inevitably 

results in a lower conductivity, but interestingly it has been shown to enlarge the 

PEDOT:PSS film WF. PEDOT:PSS films with a PEDOT to PSS ratio of 1:20 (commercially 

available as CLEVIOS™ P VP CH 8000) have one order of magnitude lower conductivity 

and WF = 5.2 eV. The latter property is of interest in the design of electroluminescent 

devices, where a larger WF can facilitate the hole injection from the anode to the adjacent 

transport or emissive layers. At the same time, the lower conductivity might decrease 

the non-radiative recombination at the PEDOT:PSS interface, which might be especially 

important in LECs, as no selective transport layers are used. Hence, here we prepared LECs 

using either CLEVIOS™ P VP AI 4083 (high conductivity, low WF) or CLEVIOS™ P VP CH 

8000 (low conductivity, high WF) as the hole injection layer (HIL). 
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Figure 6. (a, c) Luminance (symbols), voltage (lines) and (b, d) corresponding power 

conversion efficiency (PCE) and external quantum efficiency (EQE) vs. time for LECs 

employing CLEVIOS™ P VP AI 4083 (left) or CLEVIOS™ P VP CH 8000 (right) as the 

hole injection layer. 

 
 

[Cu(BnN-xantphos)(Me2bpy)][PF6] thin films were spin-coated on the different HILs 

from dichloromethane solution in the presence of the ionic liquid 1-ethyl-3- 

methylimidazolium hexafluorophosphate, [EMIM][PF6], in a 4:1 molar ratio. The 100 nm 

thick films were annealed in a nitrogen-filled glove box prior to the thermal evaporation of an 

aluminum cathode. LECs were tested without encapsulation in inert atmosphere, applying 

a pulsed current (50 or 100 A m−2 average current density, 1 kHz, 50% duty cycle) 

and monitoring the voltage and the electroluminescent intensity over time. The 

optoelectronic characterization is reported in Figure 6 and the derived device parameters 

are summarized in Table 3. LECs using the CLEVIOS™ P VP AI 4083 as the HIL show 

fast turn-on times (ton, 

time to reach 100 cd m−2) of only 12 s when biased at 100 A m−2, and slightly larger at 

lower current density, approximately 3 minutes (Figure 6a). The peak luminance is 
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proportional to the current density, reaching a maximum of 113 and 203 cd m−2 for LECs 

biased at 50 and 100 A m−2, respectively. The corresponding maximum efficacies 

ηmax) are hence rather similar, 2.26 cd A−1 at 50 A m−2 and 2.03 cd A−1 at 100 A 

m−2. The lifetimes (t1/2, time to reach half of the maximum luminance) are of 155 and 65 

minutes for the LECs biased at 50 and 100 A m−2, respectively. Besides the fastest 

electroluminescence intensity drop for the LECs driven at high current density, all devices 

exhibit luminance exceeding 50 cd m−2 after 3 hours of continuous operation. 

 
 

Table 3. Device parameters for the set of LECs presented in Figure 3. 
 

 
 

Figure 7. a) Electroluminescence spectrum of a LEC working at an average current density of 

50 A/m2 based on [Cu(BnN-xantphos)(Me2bpy)][PF6], and b) corresponding CIE 

chromaticity diagram. 
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The EL spectrum of [Cu(BnN-xantphos)(Me2bpy)][PF6] (Figure 7a) consists of a broad band 

extending from approximately 500 to 700 nm with maximum intensity at 567 nm. It closely 

resembles the PL spectrum obtained with excitation at 360 nm, where the maximum 

intensity was detected at 565 nm. LECs using [Cu(BnN-xantphos)(Me2bpy)][PF6] emits 

in a bright yellow color with CIE coordinates x = 0.43, y = 0.53 (Figure 7b). Taking into 

account the EL spectrum, we calculated the corresponding power conversion efficiency 

(PCE) and external quantum efficiency (EQE). We obtained maximum PCE close to 1 lm 

W−1, while the EQE peaks at 0.7−0.8%, being slightly higher for the LECs biased at 50 cd 

m−2. LECs prepared on the PSS-rich CLEVIOS™ P VP CH 8000 show a distinctive 

behavior. Independent of the current density used, the LECs turn on immediately after 

biasing (ton < 7 s) to reach brightness levels much higher than those obtained with the 

other PEDOT:PSS formulation (Figure 6c). In particular, we measured Lmax of 179 and 

355 cd m−2, corresponding to efficacies of 3.58 and 3.55 cd A−1 for LECs driven at 50 

and 100 A m−2, respectively. These values are among the highest reported for LECs 

employing [Cu(P^P)(N^N)]+ complexes as emitters.[4,9–12] As the increased 

luminescence is accompanied by only a small increase in the voltage, we obtained 

PCEmax of 1.7 and 1.4 lm W−1 for the high and low current density driven devices, 

respectively. Importantly, the maximum EQE is current density-independent and was found to 

be 1.2%, which is remarkable for this type of iTMCs. As often seen in LECs, higher current 

densities lead to more intense emission but at the expense of stability.[33] The brightest 

devices (driven at 100 A m−2) exhibit a fast electroluminescence decay, with t1/2 = 14 

minutes. The lifetime of LECs driven at lower current density is of about 1 hour, but the 

luminance is still at 50 cd m−2 after 3 hours of operation. 

In order to shed light  on the possible origin  of the different device performance 

observed using different PEDOT:PSS formulation, we evaluated the photoluminescence of 

[Cu(BnN-xantphos)(Me2bpy)][PF6]  on  several  substrates.  We  prepared  thin  films  of  the 
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complex in the presence of the ionic liquid [EMIM][PF6] to mimic the emissive layer 

composition, using quartz, and quartz coated with CLEVIOS™ P VP AI 4083 or 

CLEVIOS™ P VP CH 8000. The PLQY of the film on quartz is 17% (with excitation at 360 

nm), which is lower than the value recorded in powder (55%), a behavior often observed for 

this type of copper(I) complexes. Interestingly, the PLQY was found to decrease substantially 

(10%) when the complex is deposited onto CLEVIOS™ P VP AI 4083, while it is unvaried 

(17%) when the quartz is coated with the low conducting grade PEDOT:PSS. This 

observation suggests that the improved performance with the low conducting 

PEDOT:PSS grade is related to the decreased exciton quenching, rather than to the larger 

WF. The substrate-induced luminescence quenching can be due to either the larger 

conductivity of the CLEVIOS™ P VP AI 4083 (i.e., exciton quenching due to free-carrier in 

the PEDOT:PSS), or to a difference in morphology. 

Hence we investigated the surface of [Cu(BnN-xantphos)(Me2bpy)][PF6]: 

[EMIM][PF6] films deposited on the two types of PEDOT:PSS by atomic force microscopy 

(AFM, Figure S16). The film morphology on top of the CLEVIOS™ P VP AI 4083 is 

composed of round aggregates with diameter ranging from a few tens to 100 nm. The 

root- mean-square roughness (RRMS, calculated over an area of 4 µm2) is 10.3 nm, with a 

peak-to- peak roughness (RPTP) as high as 85.9 nm. Interestingly, we found a 

substantially reduced roughness when the [Cu(BnN-xantphos)(Me2bpy)][PF6] films are 

deposited onto the CLEVIOS™ P VP CH 8000 injection layer. The RRMS is only 0.2 nm, 

with a RPTP as low as 

2.0 nm, indicating an extremely flat and homogeneous surface. As the surface roughness 

of bare PEDOT:PSS is rather independent on the PSS content,[32] the different 

morphology observed must be due to a different film-formation, driven by the chemical 

nature of the surface and its affinity with the Cu(I) compound. In this case, the larger ionic 

density of the PSS-rich CLEVIOS™ P VP CH 8000, might be beneficial for the film 

formation of our ionic iTMC. 
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4. Conclusions 
 
We have reported the series of copper(I) complexes [Cu(HN-xantphos)(N^N)][PF6] and 

[Cu(BnN-xantphos)(N^N)][PF6] in which N^N = bpy, Mebpy and Me2bpy. All compounds 

have been fully characterized in solution by multinuclear NMR spectroscopy, and the single 

crystal structures of [Cu(HN-xantphos)(Mebpy)][PF6] and  [Cu(BnN- 

xantphos)(Me2bpy)][PF6] confirm distorted tetrahedral copper(I) coordination  geometries 

with N^N and P^P chelating ligands. Electrochemical and solution photophysical properties 

of the BnN-xantphos-containing compounds (for which the HOMO is located on the 

phenoxazine moiety) were investigated. The first oxidation of [Cu(BnN- 

xantphos)(N^N)][PF6] is significantly lower in potential than previously reported for 

analogous xantphos-containing complexes.[30] This is consistent with the former being 

BnN- xantphos ligand-centered while the latter are metal-centered. The absorption 

spectra of the [Cu(BnN-xantphos)(N^N)][PF6] compounds have been interpreted with the 

aid of TD-DFT calculations. The compounds are weakly emissive in solution with a blue-

shift from 650 to 600 to 560 nm along the series [Cu(BnN-xantphos)(bpy)][PF6], [Cu(BnN- 

xantphos)(Mebpy)][PF6] to [Cu(BnN-xantphos)(Me2bpy)][PF6]. The solid-state emission 

behaviour of the [Cu(HN-xantphos)(N^N)][PF6] and [Cu(BnN-xantphos)(N^N)][PF6] 

compounds demonstrates blue-shifts on going from bpy to Mebpy to Me2bpy, and a small 

red- shift as the benzyl group is introduced into the phenoxazine moiety of the P^P ligand. 

[Cu(BnN-xantphos)(Me2bpy)][PF6] exhibits a solid-state PLQY of 55% with an 

excited state lifetime of 17.4 µs, and in view of this high PLQY, [Cu(BnN- 

xantphos)(Me2bpy)][PF6] was used as the emitting layer in light-emitting electrochemical 

cells. The devices exhibit promising lifetime, intense electroluminescence, and quantum 

efficiency   exceeding   1%,   among   the   highest   reported   for   similar   [Cu(P^P)(N^N)]+ 
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compounds. We also highlight the importance of the choice of appropriate hole injection 

layers, which can reduce the exciton quenching without undermining the device operation. 

 
 
5. Experimental Section. Experimental details (instruments, synthesis, crystallography 

and computational details) are given in the supporting information. 
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We describe the synthesis and characterization of a series of copper(I) 

[Cu(P^P)(N^N)]+ complexes with modified bisphosphane ligands. The introduction of a 

peripheral N-bonded benzyl domain in the P^P ligand BnN-xantphos results in solid-state 

photoluminescence quantum yield of 55%. Bright LECs were obtained with [Cu(BnN-

xantphos)(Me2bpy)][PF6], and we show that the electroluminescence quantum yield can be 

improved by judicious choice of the hole injection layers. 
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Experimental 

General. 

1
H, 

13
C{

1
H} and 

31
P{

1
H} NMR spectra were recorded on a Bruker Avance 500 spectrometer

at 298 K. 
1
H and 

13
C NMR chemical shifts were referenced to residual solvent peaks with

respect to δ(TMS) = 0 ppm and 
31

P NMR chemical shifts with respect to δ(85% aqueous

H3PO4) = 0 ppm. 

Solution absorption and emission spectra were measured using a Cary-5000 

spectrophotometer and a Shimadzu RF-5301PC spectrofluorometer, respectively. A Shimadzu 

LCMS-2020 instrument was used to record electrospray ionization (ESI) mass spectra, and 

high-resolution ESI MS were recorded using a Bruker maXis 4G QTOF instrument. Quantum 

yields (CH2Cl2 solution and powder) were measured using a Hamamatsu absolute 

photoluminescence (PL) quantum yield spectrometer C11347 Quantaurus-QY. Powder 

emission spectra were measured with a Hamamatsu Compact Fluorescence lifetime 

Spectrometer C11367 Quantaurus-Tau with an LED light source (λexc = 280 nm). 

Electrochemical measurements used a CH Instruments 900B potentiostat with [
n
Bu4N][PF6]

(0.1 M) as supporting electrolyte and a scan rate of 0.1 V s
–1

; the solvent was CH2Cl2. The

working electrode was glassy carbon, the reference electrode was a leakless Ag
+
/AgCl

(eDAQ  ET069-1) and the counter-electrode was a platinum wire. Final potentials were 

internally referenced with respect to the Fc/Fc
+
 couple. Atomic force microscopy (AFM)

measurements were performed with a Digital Instruments Veeco Nanoscope IVa microscope 

in tapping mode using silicon tips with a natural resonance frequency of 300 KHz. Scan rate 

was adjusted during the scanning of each image (0.1-1 Hz, 512 samples/line). 

[Cu(MeCN)4][PF6] was prepared by the method of Kubas.
1
 HN-xantphos, bpy and

Me2bpy were purchased from Fluorochem and were used as received. Mebpy was prepared as 
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previously described
2
 adapting a literature method,

3
 and BnN-xantphos was prepared from the

reported reaction of HN-xantphos with benzyl chloride.
4

[Cu(HN-xantphos)(bpy)][PF6] 

HN-xantphos (82.7 mg, 0.15 mmol) and bpy (23.4 mg, 0.15 mmol) were dissolved in CH2Cl2 

(8.0 mL) and the solution was added to a solution of [Cu(MeCN)4][PF6] (55.9 mg, 0.15 

mmol) in CH2Cl2 (12.0 mL) resulting immediately in a yellow colour. The mixture was stirred 

for 2 h at room temperature. During this time, some product precipitated and was collected by 

filtration. Further product was precipitated by addition of hexane to the filtrate and separated 

by filtration. No further purification was required. [Cu(HN-xantphos)(bpy)][PF6] was isolated 

as a pale greenish-yellow solid (136 mg, 0.148 mmol, 98.7%). 
1
H NMR (500 MHz, (CD3)2CO,

298 K) δ/ppm 8.67 (d, J = 4.7 Hz, 2H, H
A6

), 8.59 (d, J = 8.1 Hz, 2H, H
A3

), 8.21 (s, 1H, H
NH

),

8.18 (td, J = 8.1, 1.3 Hz, 2H, H
A4

), 7.57 (m, 2H, H
A5

), 7.35 (t, J = 7.4 Hz, 2H, H
D4

), 7.22 (t, J

= 7.6 Hz, 2H, H
D3

), 7.08‒7.03 (overlapping m, 4H, H
C5+D2

), 7.01 (t, J = 7.8 Hz, 2H, H
C4

), 6.22

(m, 2H, H
C3

). 
13

C{
1
H} NMR (126 MHz, (CD3)2CO, 298 K) δ/ppm 152.8 (C

A2
), 150.3 (C

A6
),

146.8 (m, C
C1

), 140.0 (C
A4

), 136.5 (t, JCP = 2.8 Hz, C
C6

), 133.7 (t, JCP = 8.0 Hz, C
D2

), 132.2

(m, C
D1

), 130.9 (C
D4

), 129.7 (t, JCP = 4.8 Hz, C
D3

), 127.4 (C
A5

), 126.4 (t, JCP = 2.6 Hz, C
C4

),

125.4 (C
C3

), 123.7 (C
A3

), 120.9 (m, C
C2

), 117.3 (C
C5

). 
31

P{
1
H} NMR (202 MHz, (CD3)2CO,

298 K) δ/ppm −14.5 (broad, HN-xantphos), −144.2 (sept., JPF = 707 Hz, [PF6]
−
). ESI MS

(positive mode): m/z 770.15 [M PF6]
+
 (base peak, calc. 770.16), 614.10 [M–PF6–bpy]

+
 (calc.

614.09). Found: C 59.41, H 4.39, N 4.24; C46H35CuF6N3OP3 requires C 60.30, H 3.85, N 4.59. 

[Cu(HN-xantphos)(Mebpy)][PF6] 

The method was as for [Cu(HN-xantphos)(bpy)][PF6], starting with HN-xantphos (82.7 mg, 

0.15 mmol) and Mebpy (25.5 mg, 0.15 mmol) and [Cu(MeCN)4(PF6)] (55.9 mg, 0.15 mmol). 



4 

[Cu(HN-xantphos)(Mebpy)][PF6] was isolated as a pale greenish-yellow solid (119 mg, 0.128 

mmol, 85.3%). 
1
H NMR (500 MHz, (CD3)2CO, 298 K) δ/ppm 8.77 (d, J = 5.0 Hz, 1H, H

A6
),

8.47 (d, J = 8.2 Hz, 1H, H
A3

), 8.38 (d, J = 8.0 Hz, 1H, H
B3

), 8.17 (s, 1H, H
NH

), 8.14 (t, J = 7.9

Hz, 1H, H
B4

), 8.09 (td, J = 8.1, 1.5 Hz, 1H, H
A4

), 7.58 (d, J = 7.8 Hz, 1H, H
B5

), 7.55 (m, 1H,

H
A5

), 7.43 (t, J = 7.4 Hz, 2H, H
D4'

), 7.34 (t, J = 7.5 Hz, 2H, H
D4

), 7.30 (t, J = 7.6 Hz, 4H, H
D3'

),

7.23 (m, 4H, H
D2'

), 7.16 (t, J = 7.8 Hz, 4H, H
D3

), 7.06 (m, 2H, H
C5

), 7.02 (t, J = 7.7 Hz, 2H,

H
C4

), 6.92 (m, 4H, H
D2

), 6.30 (m, 2H, H
C3

), 2.38 (s, 3H, H
Me

). 
13

C{
1
H} NMR (126 MHz,

(CD3)2CO, 298 K) δ/ppm 159.3 (C
B6

), 153.3 (C
A2

), 152.4 (C
B2

), 150.1 (C
A6

), 147.0 (m, C
C1

),

140.3 (C
B4

), 139.8 (C
A4

), 136.6 (m, C
C6

), 133.8 (t, JCP = 7.9 Hz, C
D2/D2'

), 133.7 (t, JCP = 7.9

Hz, C
D2/D2'

), 132.3 (C
D1+D1'

), 131.0 (C
D4+D4'

), 129.9 (t, JCP = 4.7 Hz, C
D3'

), 129.7 (t, JCP = 4.7

Hz, C
D3

), 127.15 (C
A5/B5

), 127.1 (C
A5/B5

), 126.6 (t, JCP = 2.6 Hz, C
C4

), 125.0 (C
C3

), 123.8

(C
A3

), 121.7 (C
C2

), 121.0 (C
B3

), 117.3 (C
C5

), 26.9 (C
Me

). 
31

P{
1
H} (202 MHz, (CD3)2CO, 298

K) δ/ppm −14.5 (broad, HN-xantphos), −144.2 (sept., JPF = 707 Hz, [PF6]
−
). ESI MS (positive

mode): m/z 784.15 [M PF6]
+
 (base peak, calc. 784.17), 614.10 [M–PF6–Mebpy]

+
 (calc.

614.09). Found: C 60.28, H 4.09, N 4.42; C47H37CuF6N3OP3 requires C 60.68, H 4.01, N 4.52. 

[Cu(HN-xantphos)(Me2bpy)][PF6] 

The method was as for [Cu(HN-xantphos)(bpy)][PF6], starting with HN-xantphos (91.3 mg, 

0.17 mmol), Me2bpy (27.6 mg, 0.15 mmol) and [Cu(MeCN)4][PF6] (55.9 mg, 0.15 mmol). 

[Cu(HN-xantphos)(Me2bpy)][PF6] was obtained pure as a pale greenish-yellow solid (71.7 mg, 

0.0760 mmol, 50.7%). 
1
H NMR (500 MHz, (CD3)2CO, 298 K) δ/ppm 8.16 (s, 1H, H

NH
), 8.13

(d, J = 8.0 Hz, 2H, H
B3

), 7.98 (t, J = 7.8 Hz, 2H, H
B4

), 7.45−7.40 (overlappping m, 2H,

H
B5+D4

), 7.25 (t, J = 7.7 Hz, 8H, H
D3

), 7.18 (m, 8H, H
D2

), 7.02 (overlapping m, 4H, H
C4+C5

),

6.53 (m, 2H, H
C3

), 2.39 (s, 1H, H
B7

). 
13

C{
1
H} NMR (126 MHz, (CD3)2CO, 298 K) δ/ppm

159.3 (C
B6

), 153.1 (C
B2

), 147.1 (C
C1

), 139.9 (C
B4

), 136.3 (C
C6

), 134.0 (t, JCP = 7.6 Hz, C
D2

),
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132.2 (m, C
D1

), 131.0 (C
D4

), 129.7 (t, JCP = 4.5 Hz, C
D3

), 126.8 (C
B5

), 126.8 (m, C
C4

), 124.4

(C
C3

), 122.8 (m, C
C2

), 121.0 (C
B3

), 117.2 (m, C
C4

), 27.3 (C
Me

). 
31

P{
1
H} (202 MHz, (CD3)2CO,

298 K) δ/ppm −14.8 (broad, HN-xantphos), −144.2 (sept., JPF = 707 Hz, [PF6]
−
). ESI MS

(positive mode): m/z 798.15 [M PF6]
+
 (base peak, calc. 798.15), 614.05 [M–PF6–Me2bpy]

+

(calc. 614.09). HR ESI MS (positive mode): m/z 798.1850 [M PF6]
+
 (calc. 798.1859).

[Cu(BnN-xantphos)(bpy)][PF6] 

BnN-xantphos (141 mg, 0.22 mmol) and bpy (31.2 mg, 0.2 mmol) were dissolved in CH2Cl2 

(15 mL) and this solution was added to a solution of [Cu(MeCN)4][PF6] (74.5 mg, 0.20 

mmol) in CH2Cl2 (15.0 mL). The mixture was stirred at room temperature for 2 h during 

which time it turned yellow. The solvent was removed under reduced pressure, and the crude 

product was dissolved in acetone and filtered. The solvent was again removed under reduced 

pressure. [Cu(BnN-xantphos)(bpy)][PF6] was isolated as a yellow solid (178 mg, 0.177 mmol, 

88.5%). 
1
H NMR (500 MHz, CD2Cl2, 298 K) δ/ppm 8.48 (dd, J = 5.0, 0.5 Hz, 2H, H

A6
), 8.23

(d, J = 8.2 Hz, 2H, H
A3

), 8.03 (td, J = 7.9, 1.5 Hz, 2H, H
A4

), 7.44-7.39 (overlapping m, 4H,

H
A5+E3

), 7.36−7.28 (overlapping m, 7H, H
D4+E2+E4

), 7.15 (t, J = 7.7 Hz, 8H, H
D3

), 6.97 (m, 8H,

H
D2

), 6.87 (t, J = 7.9 Hz, 2H, H
C4

), 6.78 (dd, J = 8.1, 1.2 Hz, 2H, H
C5

), 6.25 (m, 2H, H
C3

),

5.11 (s, 2H, H
a
). 

13
C{

1
H} NMR (126 MHz, CD2Cl2, 298 K) δ/ppm 152.2 (C

A2
), 149.7 (C

A6
),

148.3 (m, C
C1

), 139.3 (C
A4

), 136.6 (t, JCP = 2.7 Hz, C
C6

), 135.7 (C
E1

), 133.3 (t, JCP = 8.0 Hz,

C
D2

), 131.6 (t, JCP =17.2 Hz, C
D1

), 130.6 (C
D4

), 129.7 (C
E3

), 129.3 (t, JCP = 4.7 Hz, C
D3

), 128.1

(C
E4

), 127.0 (C
E2

), 126.8 (C
A5

), 125.9 (C
C4

), 125.6 (C
C3

), 123.1 (C
A3

), 120.4 (m, C
C2

), 115.9

(C
C5

), 49.2 (C
a
).

31
P{

1
H} NMR (202 MHz, CD2Cl2, 298 K) δ/ppm –13.6 (broad, BnN-

xantphos), –144.5 (sept, JPF = 710.3 Hz, [PF6]
–
). ESI MS (positive mode): m/z 860.21 [M–

PF6]
+
 (basepeak, calc. 860.20), 704.21 [M–PF6–bpy]

+
 (calc. 704.13). Found C 62.62, H, 4.18,

N 4.08; C53H41CuF6N3OP3 requires C 63.25, H 4.11, N 4.18. 



6 

[Cu(BnN-xantphos)(Mebpy)][PF6] 

The method was as for [Cu(BnN-xantphos)(bpy)][PF6] but starting with BnN-xantphos (141 

mg, 0.22 mmol), Mebpy (34.0 mg, 0.20 mmol) and [Cu(MeCN)4][PF6] (74.5 mg, 0.20 mmol). 

[Cu(BnN-xantphos)(bpy)][PF6] was isolated as a yellow solid (169 mg, 0.166 mmol, 83.0%). 

1
H NMR (500 MHz, CD2Cl2, 298 K) δ/ppm 8.55 (d, J = 4.8 Hz, 1H, H

A6
), 8.13 (d, J = 8.2 Hz,

1H, H
A3

), 8.05 (d, J = 7.9 Hz, 1H, H
B3

), 8.00 (d, J = 7.7Hz, 1H, H
B4

), 7.95 (m, 1H, H
A4

),

7.45−7.30 (m, 7H, H
A5+B5+E2/E3+E4+D4'

), 7.27 (m, 4H, H
D4+E2/E3

), 7.22 (t, J = 7.6 Hz, 4H, H
D3'

),

7.13 (m, 4H, H
D2'

), 7.08 (t, J = 7.8 Hz, 4H, H
D3

), 6.87 (m, 6H, H
C4+D2

), 6.75 (dd, J = 7.9, 0.8

Hz, 2H, H
C5

), 6.30 (m, 2H, H
C3

), 5.10 (s, 2H, H
a
), 2.42 (s, 3H, H

Me
). 

13
C{

1
H} NMR (126

MHz, CD2Cl2, 298 K) δ/ppm 159.2 (C
B6

), 152.8 (C
A2/B2

), 151.8 (C
A2/B2

), 149.3 (C
A6

), 148.2

(m, C
C1

), 139.6 (C
A4/B4

), 139.2 (C
A4/B4

), 136.4 (C
C6

), 135.4 (C
E1

), 133.4 (t, JCP = 8.1 Hz,

C
D2/D2'

), 133.2 (t, JCP = 8.3 Hz, C
D2/D2'

), 131.9 (t, JCP = 16.7 Hz, C
D1/D1'

), 131.5 (t, JCP =17.7 Hz,

C
D1/D1'

), 130.7 (C
D4/D4'

), 130.6 (C
D4/D4'

), 129.6 (C
E3

), 129.5 (t, JCP = 4.6 Hz, C
D3/D3'

), 129.3 (t,

JCP = 4.4 Hz, C
D3/D3'

), 128.0 (C
E4

), 126.8 (C
E2

), 126.7 (C
A5/B5

), 126.4 (C
A5/B5

), 125.9 (C
C4

),

125.2 (C
C3

), 123.0 (C
A3

), 121.1 (t, JCP = 13.2 Hz, C
C2

), 120.3 (C
B3

), 115.9 (C
C5

), 49.1 (C
a
),

27.1 (C
Me

). 
31

P{
1
H} NMR (202 MHz, CD2Cl2, 298 K) δ/ppm –13.8 (broad, BnN-xantphos), –

144.5 (sept, JPF = 708.4 Hz, [PF6]
–
). ESI MS (positive mode): m/z 874.21 [M–PF6]

+
 (basepeak,

calc. 874.22), 704.21 [M–PF6–Mebpy]
+
 (calc. 704.13). Satisfactory elemental analysis could

not be obtained. 

[Cu(BnN-xantphos)(Me2bpy)][PF6] 

BnN-xantphos (141 mg, 0.22 mmol) and Me2bpy (36.8 mg, 0.20 mmol) were dissolved in 

CH2Cl2 (15 mL). This solution was added to a solution of [Cu(MeCN)4][PF6] (74.5 mg, 0.20 

mmol). The mixture was stirred at room temperature for 2 h during which time it turned 

orange. The solvent was removed under reduced pressure and the crude product was 
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redissolved in CH2Cl2 and the product was crystallized from CH2Cl2 and Et2O. [Cu(BnN-

xantphos)(Me2bpy)][PF6] was isolated as a yellow solid (148 mg, 0.143 mmol, 71.5%). 
1
H

NMR (500 MHz, CD2Cl2, 298 K) δ/ppm 7.82 (t, J = 7.7 Hz, 2H, H
B4

), 7.77 (d, J = 7.7 Hz, 1H,

H
B3

), 7.42−7.2 (overlapping m, 7H, H
D4+E3+E4

), 7.27 (d, J = 7.2 Hz, 2H, H
B5

), 7.23 (d, J = 7.2

Hz, 2H, H
E2

), 7.16 (t, J = 7.7 Hz, 8H, H
D3

), 7.11 (m, 8H, H
D2

), 6.88 (t, J = 7.9 Hz, 2H, H
C4

),

6.70 (dd, J = 8.1, 1.1 Hz, 2H, H
C5

), 6.53 (m, 2H, H
C3

), 5.02 (s, 2H, H
a
), 2.38 (s, 6H, H

Me
).

13
C{

1
H} NMR (126 MHz, CD2Cl2, 298 K) δ/ppm 158.7 (C

B6
), 152.5 (C

B2
), 148.5 (m, C

C1
),

139.1 (C
B4

), 136.2 (C
C6

), 135.3 (C
E1

), 133.7 (t, JCP = 7.6 Hz, C
D2

), 131.6 (t, JCP = 16.5 Hz,

C
D1

), 130.6 (C
D4

), 129.6 (C
E3

), 129.4 (t, JCP = 4.5 Hz, C
D3

), 128.0 (C
E4

), 126.7 (C
E2

), 126.3

(C
B5

), 126.3 (t, JCP = 4.4 Hz, C
C4

), 124.6 (C
C3

), 122.1 (C
C2

), 120.3 (C
B3

), 115.9 (C
C5

), 49.5

(C
a
), 27.5 (C

Me
).

31
P{

1
H} NMR (202 MHz, CD2Cl2, 298 K) δ/ppm –14.8 (broad, BnN-

xantphos), -144.5 (sept, JPF = 710.7 Hz, [PF6]
–
). ESI MS (positive mode): m/z 888.21 [M–

PF6]
+
 (basepeak, calc. 888.23), 704.21 [M–PF6–Me2bpy]

+
 (calc. 704.13). Found C 59.49, H,

4.27, N 3.81; C55H45CuN3OP3F6
.
CH2Cl2 requires C 60.09, H 4.23, N 3.75.

Crystallography 

Single crystal data were collected on a Bruker APEX-II diffractometer (Bruker AXS GmbH, 

Karlsruhe, Germany); data reduction, solution and refinement used APEX2,
5
 SuperFlip

6
 and

CRYSTALS
7
 or OLEX

8
 respectively. Structure analysis and ORTEP-style diagrams used

Mercury v. 4.1.0.
9,10

 The program SQUEEZE
11

 had to be applied to the solvent region of

[Cu(HN-xantphos)(Me2bpy)][PF6] and the electron density removed equated to 0.5 molecules 

of CH2Cl2 per formula unit. 

[Cu(HN-xantphos)(Mebpy)][PF6]
.
0.5CH2Cl2. C47.5H38ClCuF6N3OP3, M = 972.75, yellow

plate, orthorhombic, space group Aba2, a = 19.8622(14), b = 22.1526(16), c = 19.8467(16) Å, 
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U = 8732.5(11) Å
3
, Z = 8, Dc = 1.48 g cm

–3
, T = 123 K, μ(Cu-Kα) = 2.882 mm

–1
. Total refln.

= 23656, unique refln. = 7401, Rint = 0.050. Refinement of 7207 reflections (551 parameters) 

with I>2.0σ(I) converged at final R1 = 0.0420 (R1 all data = 0.0428), wR2 = 0.1086 (wR2 all 

data = 0.1095), GoF = 1.0075. CCDC 1907395. 

[Cu(BnN-xantphos)(Me2bpy)][PF6]
.
CH2Cl2. C56H47Cl2CuF6N3OP3, M = 1119.31, yellow

plate, orthorhombic, space group Pbca, a = 19.5576(8), b = 19.9480(8), c = 25.5898(10) Å, U 

= 9983.5(7) Å
3
, Z = 8, Dc = 1.489 g cm

–3
, T = 130 K, μ(Cu-Kα) = 3.082 mm

–1
.  Total refln. =

42461, unique refln. = 8968, Rint = 0.0686. Refinement of 6584 reflections (651 parameters) 

with I>2.0σ(I) converged at final R1 = 0.0507 (R1 all data = 0.0751), wR2 = 0.1110 (wR2 all 

data = 0.1232), GoF = 1.012. CCDC 1907394. 

Computational details 

The molecular and electronic structures of the cations [Cu(HN-xantphos)(N^N)]
+
 and

[Cu(BnN-xantphos)(N^N)]
+
, with N^N = bpy, Mebpy and Me2bpy, and of

[Cu(xantphos)(bpy)]
+
, used as a reference complex for comparison purposes, were

theoretically studied within the density functional theory (DFT) framework. All the 

calculations were made using the B3LYP exchange-correlation functional,
12,13

 to which the

D3 Grimme’s dispersion term with Becke–Johnson damping (B3LYP-D3)
14,15

 was added to

account more accurately for intramolecular non-covalent interactions, whose importance is 

expected to be high. The “double-ζ” quality def2svp basis set was employed for C, H, N, O 

and P atoms and the “triple-ζ” quality def2tzpv basis set was used for Cu atoms.
16,17

 Solvent

effects (CH2Cl2) were taken into account by employing the polarized continuum model 

(PCM) approach and the self-consistent reaction field theory (SCRF).
 18,19,20
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The geometries of all the complexes were fully optimized, without any symmetry 

restriction, both in their ground electronic state (S0) and in their first triplet excited state (T1). 

For the latter, the spin-unrestricted UB3LYP approximation, with a spin multiplicity of three, 

was used. The geometries of the [Cu(HN-xantphos)(bpy)]
+
 and [Cu(BnN-xantphos)(bpy)]

+

complexes in the 2+ and 3+ oxidation states were also investigated. For the dications a spin 

multiplicity of two corresponding to a doublet state was used, whereas for the trications 

optimizations were performed for both singlet and triplet states. 

Time-dependent DFT (TD-DFT)
21 , 22 , 23

 calculations were performed to study the

lowest-energy excited electronic states of the complexes studied. The first five triplet and 

singlet excited states were calculated for all the complexes at the minimum-energy geometry 

optimized for S0 of each complex. In addition, for complex [Cu(BnN-xantphos)(bpy)]
+
, the

lowest-energy three hundred singlet excited states were calculated to simulate the UV-Vis 

absorption spectrum. 

The Gaussian 16 program package (revision A.03) was employed to perform all the 

DFT and TD-DFT calculations.
24

Light-emitting electrochemical cells 

LECs were prepared on top of patterned indium tin oxide (ITO, 15 /sq) coated glass 

substrates previously cleaned by chemical and UV-ozone methods. Prior to the deposition of 

the emitting layer, 80 nm thick films of poly-(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (CLEVIOS™ P VP AI 4083 

or CLEVIOS™ P VP CH 8000, Heraeus) were coated in order to flatten the ITO electrode 

and to increase its work function. The emitting layer (100 nm thick) was prepared by spin-

coating a dichloromethane solution of the emitting compound with the addition of the ionic 

liquid 1-ethyl-3-methylimidazolium hexafluoridophosphate [Emim][PF6] (> 98.5%, Sigma-
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Aldrich), in a 4 to 1 molar ratio. The devices were then transferred to an inert atmosphere 

glovebox (< 0.1 ppm O2 and H2O), where the aluminium cathode (100 nm) was thermally 

deposited in high vacuum using an Edwards Auto500 chamber integrated in the glovebox. 

The thickness of all films was determined with an Ambios XP-1 profilometer. The active area 

of the devices was 6.5 mm
2
. LECs were not encapsulated and were characterized inside the

glovebox at room temperature. The device lifetime was measured by applying a pulsed 

current and monitoring the voltage and luminance versus time by a True Colour Sensor 

MAZeT (MTCSiCT Sensor) with a Botest OLT OLED Lifetime-Test System. The 

electroluminescent (EL) spectra were measured using an Avantes AvaSpec-2048 Fiber Optic 

Spectrometer during device lifetime measurement. Surface morphology of the thin films was 

analysed using AFM (Multimode SPM, Veeco, United States). 
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Figure S1. ESI MS (positive mode) of [Cu(HN-xantphos)(bpy)][PF6]. 

Figure S2. ESI MS (positive mode) of [Cu(HN-xantphos)(Mebpy)][PF6]. 

Figure S3. ESI MS (positive mode) of [Cu(HN-xantphos)(Me2bpy)][PF6]. 
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Figure S4. ESI MS (positive mode) of [Cu(BnN-xantphos)(bpy)][PF6]. 

Figure S5. ESI MS (positive mode) of [Cu(BnN-xantphos)(Mebpy)][PF6]. 

Figure S6. ESI MS (positive mode) of [Cu(BnN-xantphos)(Me2bpy)][PF6]. 
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Figure S7. High-frequency regions of the solution 
1
H NMR spectra (500 MHz, CD2Cl2, 298

K) for (a) [Cu(BnN-xantphos)(bpy)][PF6], (b) [Cu(BnN-xantphos)(Mebpy)][PF6] and (c)

[Cu(BnN-xantphos)(Me2bpy)][PF6]. In (b), signals for H
E2

, H
E3

, H
E4

, H
B5

, H
A5

, H
D4

 and H
D4'

show significant overlap (see experimental section) for assignments. 
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Figure S8. Views of the [Cu(BnN-xantphos)(Me2bpy)]
+
 cation to highlight (a) the 'bowl'

shape of the phenoxazine unit with boat conformation of the central ring, and (b) the-

stacking interaction between bpy and one P-bonded phenyl ring. 

Figure S9. Minimum-energy B3LYP-3D/(def2svp+def2tzvp)-optimized geometries 

calculated for the ground electronic state (S0) of (a) [Cu(HN-xantphos)(Me2bpy)]
+
 and (b)

[Cu(BnN-xantphos)(Me2bpy)]
+
.
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Figure S10. Cyclic voltammograms of [Cu(BnN-xantphos)(N^N)][PF6] (N^N = bpy, Mebpy, 

Me2bpy) in CH2Cl2 (ca. 2 × 10
−3

 M, vs. Fc
+
/Fc, [

n
Bu4N][PF6] as supporting electrolyte, scan

rate = 0.1 V s
−1

).

Figure S11. Unpaired-electron spin-density plots (isocontours of 0.002 a.u) calculated for the 

dication and trication of the [Cu(HN-xantphos)(bpy)]
+
 and [Cu(BnN-xantphos)(bpy)]

+

complexes. The spin multiplicity (2S+1) of each species is indicated. 

[Cu(HN-xantphos)(bpy)]2+ [Cu(HN-xantphos)(bpy)]3+

2S+1 = 2 2S+1 = 3

[Cu(BnN-xantphos)(bpy)]2+

2S+1 = 2

[Cu(BnN-xantphos)(bpy)]3+

2S+1 = 3
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Figure S12. Highest-occupied α and β molecular orbitals calculated for the open-shell 

dication of the [Cu(HN-xantphos)(bpy)]
+
 and [Cu(BnN-xantphos)(bpy)]

+
 species. Isovalue

contour plots of ±0.03 a.u. 

Figure S13. B3LYP-3D/(def2svp+def2tzvp) simulation of the UV-Vis spectrum of [Cu(BnN-

xantphos)(bpy)]
+
. The spectrum has been obtained as a convolution of Lorentz curves

centered at the energies calculated for lowest-energy 300 singlet excited states using a fixed 

FWHM (full width at half maximum) of 1200 cm
−1

. Convolution was performed in the energy

scale and then transformed to the wavelength scale. 

[Cu(HN-xantphos)(bpy)]2+

2S+1 = 2

a b
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Figure S14. Solution (CH2Cl2, 2.5 x 10
–5

 mol dm
–3

) emission spectra for [Cu(BnN-

xantphos)(N^N)][PF6] complexes (exc =  410 nm). 

Figure S15. a) Photoluminescence spectrum collected with excitation at 360 nm. b) 

Electroluminescence spectrum measured from a LEC driven at 100 A m
−2

.
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Figure S16. a, b) AFM analysis of the [Cu(BnN-xantphos)(Me2bpy)][PF6]: [EMIM][PF6] 

films deposited on two types of PEDOT:PSS. c) A comparison of the cross-sections for the 

two topographies is shown for clarity. 
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Table S1. Lowest triplet and singlet excited states calculated at the TD-DFT 

B3LYP/(def2svp+def2tzvp) level for complexes [Cu(P^P)(N^N)]
+
 in CH2Cl2 solution.

Vertical excitation energies (E), dominant monoexcitations with main contributions (%, 

within parentheses), and description of the excited state are summarized. H and L denote 

HOMO and LUMO, respectively. 

Complex State E (eV) Monoexcitations Description 

[Cu(xantphos)(bpy)]
+
 T1 2.57 H  L (92) 

3
MLCT 

T2 2.74 H−1  L (68) 
3
MLCT

T3 3.03 H−2  L (68) 
3
MLCT 

S1 2.82 (f = 0.10) H  L (98) 
3
MLCT

[Cu(HN-xantphos)(bpy)]
 +

 T1 2.57 H−1  L (86) 
3
MLCT 

T2 2.73 H  L (50) 
3
LLCT 

T3 2.78 H  L (50) 
3
LLCT

S1 2.75 (f = 0.00) H  L (95) 
3
LLCT

[Cu(HN-xantphos)(Mebpy)]
 +

 T1 2.61 H−1  L (92) 
3
MLCT 

T2 2.78 H−2  L (77) 
3
MLCT

T3 2.80 H  L (95) 
3
LLCT 

S1 2.81 (f = 0.00) H  L (98) 
3
LLCT

[Cu(HN-xantphos)(Me2bpy)]
 +

T1 2.72 H−1  L (95) 
3
MLCT 

T2 2.91 H−2  L (77) 
3
MLCT

T3 2.96 H  L (61) 
3
LLCT 

S1 2.92 (f = 0.01) H  L (74) 
3
LLCT

[Cu(BnN-xantphos)(bpy)]
 +

 T1 2.55 H−1  L (85) 
3
MLCT

T2 2.69 H  L (85) 
3
LLCT

T3 2.78 H−2  L (56) 
3
MLCT

S1 2.69 (f = 0.00) H  L (95) 
3
LLCT

[Cu(BnN-xantphos)(Mebpy)]
 +

 T1 2.60 H−1  L (95) 
3
MLCT

T2 2.76 H  L (95) 
3
LLCT

T3 2.77 H−2  L (72) 
3
MLCT

S1 2.77 (f = 0.00) H  L (98) 
3
LLCT

[Cu(BnN-xantphos)(Me2bpy)]
 +

T1 2.72 H−1  L (95) 
3
MLCT

T2 2.88 H  L (95) 
3
LLCT

T3 2.96 H−2  L (72) 
3
MLCT

S1 2.89 (f = 0.01) H  L (95) 
3
LLCT
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Table S2. Minimum-energy B3LYP-3D/(def2svp+def2tzvp)-optimized geometries (xyz 

coordinates) calculated for the ground electronic state (S0) and the lowest-energy triplet (T1) 

of [Cu(xantphos)(bpy)]
+
, [Cu(HN-xantphos)(N^N)]

+
 and [Cu(BnN-xantphos)(N^N)]

+

complexes. 

[Cu(xantphos)(bpy)]+ 
Ground state (S0) 

C     -2.048723000      0.061253000      2.190915000 
C     -1.210515000      0.201893000      3.308375000 
C     -1.517021000     -0.449036000      4.503807000 
C     -2.651517000     -1.263480000      4.587044000 
C     -3.480788000     -1.420650000      3.472351000 
C     -3.184133000     -0.757529000      2.277356000 
C     -1.795511000      3.666328000      0.082945000 
C     -2.327649000      2.622139000      0.858519000 
C     -3.393258000      2.885316000      1.732842000 
C     -3.921996000      4.176344000      1.825057000 
C     -3.394311000      5.210326000      1.043698000 
C     -2.331273000      4.953413000      0.170395000 
C     -2.247709000     -1.087047000     -1.081427000 
C     -2.622609000      0.189490000     -0.638770000 
C     -3.681941000      0.824918000     -1.300963000 
C     -4.313306000      0.193213000     -2.376963000 
C     -3.904808000     -1.076758000     -2.800188000 
C     -2.861250000     -1.749364000     -2.149656000 
C     -2.378332000     -3.167237000     -2.474419000 
C     -0.859860000     -3.187938000     -2.263810000 
C     -0.339994000     -2.439145000     -1.201019000 
C      1.025385000     -2.384231000     -0.883323000 
C      1.903464000     -3.157783000     -1.657898000 
C      1.414848000     -3.927394000     -2.716650000 
C      4.199369000     -2.180033000      0.821817000 
C      3.401652000     -1.194933000      0.216810000 
C        4.009962000     -0.198531000     -0.563658000 
C      5.395868000     -0.189344000     -0.743375000 
C      6.185213000     -1.171875000     -0.136698000 
C      5.585448000     -2.165869000      0.645883000 
C      0.049658000     -3.933515000     -3.024265000 
C     -3.022487000     -4.141103000     -1.451960000 
C     -2.766635000     -3.595143000     -3.893222000 
C      1.257785000     -1.937591000      1.999674000 
C      1.888432000     -1.383745000      3.127872000 
C      1.647581000     -1.907107000      4.398428000 
C      0.754729000     -2.972644000      4.560019000 
C      0.109455000     -3.512326000      3.444731000 
C      0.362292000     -3.002273000      2.167280000 
H     -0.308871000      0.815534000      3.236318000 
H       -0.856623000     -0.338550000      5.366092000 
H     -2.882750000     -1.784940000      5.519255000 
H     -4.364486000     -2.061204000      3.531706000 
H     -3.837426000     -0.879673000      1.410799000 
H     -0.960296000      3.466539000     -0.592018000 
H     -3.809326000      2.080538000      2.342835000 
H     -4.750439000      4.375350000      2.509679000 
H     -3.809384000      6.218636000      1.118428000 
H     -1.913353000      5.759070000     -0.438469000 
H     -3.999582000      1.819996000     -0.984640000 
H     -5.133614000      0.696427000     -2.893880000 
H     -4.414903000     -1.547222000     -3.641466000 
H      2.973388000     -3.138882000     -1.445830000 
H      2.106912000     -4.522380000     -3.316942000 

H      3.736000000     -2.957910000      1.432529000 
H      3.391878000      0.571181000     -1.029984000 
H      5.860006000      0.590624000     -1.352110000 
H      7.269870000     -1.162342000     -0.270683000 
H      6.200533000     -2.934592000      1.120524000 
H     -0.305045000     -4.533352000     -3.863057000 
H     -2.666618000     -5.167770000     -1.630013000 
H     -4.118978000     -4.124531000     -1.551361000 
H     -2.765585000     -3.860191000     -0.419690000 
H    -2.430618000     -4.622048000     -4.095053000 
H     -3.859190000     -3.590994000     -4.013822000 
H     -2.328929000     -2.929272000     -4.652547000 
H      2.580150000     -0.544974000      3.009933000 
H      2.151326000     -1.476035000      5.267368000 
H      0.556319000     -3.375108000      5.556394000 
H     -0.595699000     -4.338377000      3.565468000 
H     -0.140216000     -3.440033000      1.303550000 
O     -1.187998000     -1.676546000     -0.431261000 
P      1.576161000     -1.157656000      0.372587000 
P     -1.585090000      0.958608000      0.665795000 
Cu     0.591479000      0.859227000      0.032414000 
C    2.067013000      3.191153000     -0.869410000 
C    2.899265000      4.318782000     -0.862965000 
C       3.442041000      4.759025000     0.343760000 
C    3.142170000      4.064494000     1.518047000 
C    2.306336000      2.951897000     1.432929000 
C    1.448610000      2.646485000     -2.108746000 
C    0.139184000      0.955457000     -3.025137000 
C    0.229464000      1.502399000     -4.304588000 
C    0.967024000      2.676696000     -4.472407000 
C    1.584535000      3.255808000     -3.363840000 
H    3.128125000      4.848286000     -1.787008000 
H    2.159589000      4.173690000     -3.480069000 
N    1.785887000    2.529757000      0.274541000 
N    0.730349000      1.512449000     -1.962347000 
H    2.041444000      2.374118000     2.322403000 
H     -0.430168000      0.040598000     -2.844327000 
H        4.093726000      5.635147000     0.364606000 
H    1.061371000      3.140584000     -5.456596000 
H    3.545850000      4.374236000     2.483386000 
H     -0.269953000      1.015681000     -5.143895000 

[Cu(xantphos)(bpy)]+ 

Triplet state (T1) 

C     -0.997189546     -2.324009421      1.565419017 
C     -1.088757318     -1.747270250      2.841924190 
C     -0.844874871     -2.520900400      3.976828940 
C     -0.483180104     -3.865457767      3.842317904 
C     -0.369157753     -4.436923687      2.571069049 
C     -0.630650162     -3.671444983      1.431537702 
C     -3.812671807     -0.615929509     -1.089814615 
C     -3.224179080     -1.349891474     -0.043828576 
C     -4.039353349     -2.026384790      0.874120380 
C    -5.431511268     -1.964428188      0.749108605 
C     -6.012521428     -1.231870660     -0.289459955 
C     -5.199905203     -0.562877373     -1.213618807 
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C    0.589293901     -2.174260197     -1.568568151 
C     -0.791226881     -2.201174152     -1.336511227 
C     -1.601263897     -2.870876007     -2.265242170 
C     -1.020661203     -3.458378114     -3.392310863 
C      0.361580993     -3.389024673     -3.605298885 
C      1.202428296     -2.748157157     -2.685708421 
C      2.732292952     -2.689011016     -2.773451829 
C      3.176850526     -1.349950742     -2.173528345 
C      2.458753294     -0.854079380     -1.081698094 
C      2.773133265      0.337244132     -0.416754072 
C      3.892460094      1.060248953     -0.855776980 
C       4.638059726      0.588054039     -1.938743512 
C    3.300705519      2.781737687     2.045110785 
C    2.140775977      2.615365947     1.265965550 
C    1.432405024      3.744432813     0.826389651 
C    1.883789513      5.026334536     1.156073427 
C    3.040701157      5.187341477     1.923029594 
C    3.748642948      4.063377996     2.367232089 
C    4.279543198     -0.595868929     -2.595603294 
C    3.306802699     -3.827201956     -1.888253123 
C    3.231884430     -2.865288953     -4.211267162 
C    1.829185300     -0.028064915      2.347610726 
C    1.356652772      0.515119126     3.555706510 
C    1.540586317     -0.175687905      4.753432537 
C    2.177528925     -1.421256318      4.753222454 
C        2.628459380     -1.973282911      3.551281530 
C    2.459014179     -1.280632756      2.349620541 
H     -1.343134939     -0.689859804      2.948042221 
H     -0.918141577     -2.067901920      4.967133360 
H     -0.279907777     -4.466837018      4.731717219 
H     -0.080296297     -5.485386804      2.464433483 
H     -0.553650109     -4.123212596      0.440512543 
H     -3.186687931     -0.073187330     -1.801804082 
H     -3.591662517     -2.596491253      1.690025442 
H     -6.062277319     -2.490818261      1.469598247 
H     -7.100254789     -1.179814435     -0.380422878 
H     -5.649383596      0.013836927     -2.025303681 
H     -2.680235140     -2.919775689     -2.113526524 
H     -1.653027486     -3.975214949     -4.117353546 
H      0.785182619     -3.852449003     -4.496975250 
H      4.161210698      2.000228087     -0.372410606 
H      5.505130936      1.155076986     -2.284148086 
H    3.851184798      1.908784142     2.402524507 
H    0.531278612      3.624334449    0.224807725 
H    1.325321245      5.900105130     0.812099219 
H    3.391783274      6.189823324     2.180053629 
H    4.652056464      4.186202152     2.969508296 
H    4.875168705     -0.932435184     -3.444795721 
H    4.407208797     -3.792169364     -1.892273283 
H    2.982150340     -4.805803622     -2.274150869 
H    2.961325099     -3.736028420     -0.847503294 
H    4.330278596     -2.844848424     -4.244393128 
H    2.923473050     -3.841180702     -4.611890323 
H    2.846483052     -2.076490467     -4.874880832 
H    0.860693037      1.488809498     3.563399689 
H    1.180625135      0.257924166     5.689526453 
H    2.314703839     -1.965684455      5.690518660 
H    3.118962239     -2.949356697      3.545421421 
H    2.827097702     -1.716886480      1.421178529 
O    1.345517295     -1.518596885     -0.628049785 
P    1.566796995      0.938294235     0.819502409 
P     -1.407834266     -1.290637910      0.125928310 
Cu      -0.640987639      0.959329030      0.009817826 
C     -2.634440670      2.800036636     -0.743016717 
C     -3.863489757      3.513181297     -0.702782842 
C     -4.782001229      3.258987831      0.292842456 
C     -4.491867102      2.279946419      1.284881520 
C     -3.291424279      1.605728565      1.198638328 
C     -1.599041881      2.981576183     -1.708347146 

C      0.575326797      2.309493560     -2.383896939 
C      0.552307057      3.134259695     -3.489902261 
C     -0.608106152      3.929543249     -3.713270624 
C     -1.665066798      3.848247335     -2.832931881 
H     -4.070282701      4.269358652     -1.461214492 
H     -5.194701803      2.048537737      2.085718260 
H      1.409674215      3.168749351     -4.163114678 
H     -2.565289375      4.441484136     -2.998928434 
N     -2.387774750      1.839033289      0.225262817 
N     -0.448871426      2.226411144     -1.506882488 
H     -3.033465717      0.827657030      1.920991203 
H      1.447119856      1.688456961     -2.168620755 
H     -5.726219074      3.807730879      0.320489322 
H     -0.662662210      4.595968438     -4.577088452 

[Cu(HN-xantphos)(bpy)]+ 

Ground state (S0) 

C     -1.899533000     -2.019589000      1.253179000 
C     -2.170509000     -1.717989000      2.599660000 
C     -2.137173000     -2.722161000      3.567525000 
C     -1.808326000     -4.033740000      3.205749000 
C     -1.517721000     -4.333908000      1.872677000 
C     -1.567399000     -3.333309000      0.896707000 
C    -3.656667000      1.495995000     -0.087333000 
C     -3.535161000      0.134114000      0.233981000 
C     -4.668916000     -0.578408000      0.657029000 
C     -5.905305000      0.065311000      0.756488000 
C     -6.020216000      1.422217000      0.431996000 
C     -4.894919000      2.136558000      0.007387000 
C     -0.769128000     -1.832711000     -2.178547000 
C     -1.973299000     -1.417770000     -1.612760000 
C     -3.135040000     -1.496417000     -2.404990000 
C     -3.045876000     -1.948836000     -3.723313000 
C     -1.811795000     -2.290858000     -4.294590000 
C     -0.646416000     -2.222482000     -3.523341000 
N      0.644520000     -2.477891000     -4.001328000 
C      1.715669000     -1.854290000     -3.351163000 
C       1.531030000     -1.497263000     -2.005938000 
C      2.475987000     -0.786009000     -1.268723000 
C      3.701990000     -0.478532000     -1.885862000 
C      3.925048000     -0.865272000     -3.210556000 
C    4.473288000      0.263032000     1.608575000 
C    3.348786000      0.798768000     0.962019000 
C    3.283193000      2.181582000     0.721193000 
C    4.334810000      3.015602000     1.108766000 
C    5.454549000      2.475938000     1.751663000 
C    5.520866000      1.100809000     2.002614000 
C    2.939951000     -1.533840000     -3.950765000 
C    2.027063000     -1.741678000      1.424526000 
C    1.338534000     -1.736724000      2.647922000 
C    1.374133000     -2.856422000      3.479818000 
C        2.080952000     -3.998064000      3.086865000 
C    2.755169000     -4.014514000      1.861757000 
C    2.732376000     -2.888770000      1.032357000 
H     -2.419903000     -0.693489000      2.889412000 
H     -2.359829000     -2.479398000      4.609694000 
H     -1.770621000     -4.818480000      3.965262000 
H     -1.251372000     -5.354204000      1.585881000 
H     -1.345167000     -3.580879000     -0.142495000 
H     -2.776518000      2.053060000     -0.414482000 
H     -4.584162000     -1.637063000      0.911374000 
H     -6.783441000     -0.494849000      1.087648000 
H     -6.988153000      1.923288000      0.512979000 
H     -4.979164000      3.196714000     -0.244203000 
H     -4.097264000     -1.191122000     -1.992338000 
H     -3.950024000     -2.015192000     -4.332908000 
H     -1.750790000     -2.602897000     -5.339905000 
H      4.468391000      0.066064000     -1.332533000 
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H        4.878833000     -0.629069000     -3.688039000 
H        4.529446000     -0.809724000      1.805644000 
H    2.404399000      2.602448000     0.227757000 
H    4.276828000      4.089724000     0.915395000 
H    6.274749000      3.128387000     2.061740000 
H    6.392910000      0.677711000     2.507751000 
H     3.116009000     -1.802114000     -4.995191000 
H      0.762327000     -0.855840000      2.941380000 
H      0.830833000     -2.845787000      4.426623000 
H      2.096977000     -4.880013000      3.732154000 
H      3.302394000     -4.907451000      1.548793000 
H      3.261781000     -2.904592000      0.077172000 
O      0.355069000     -1.854533000     -1.380297000 
P      1.940514000     -0.229169000      0.399429000 
P     -1.883550000     -0.637183000      0.051619000 
Cu      -0.098932000      0.770963000      0.252444000 
C     -0.554185000      3.614656000      0.649212000 
C     -0.914398000      4.829404000      1.248462000 
C     -1.241699000      4.850598000      2.603790000 
C     -1.201885000      3.658933000      3.331457000 
C      -0.833859000      2.490221000      2.666187000 
C     -0.201469000      3.495575000     -0.791677000 
C      0.337229000      2.044282000     -2.528863000 
C      0.472431000      3.093146000     -3.437647000 
C      0.256870000      4.396050000     -2.982230000 
C     -0.083538000      4.601247000     -1.645293000 
H     -0.948449000      5.749688000      0.666533000 
H     -1.527658000      5.788639000      3.084416000 
H     -1.451624000      3.629678000      4.393292000 
H     -0.790456000      1.532201000      3.190938000 
H      0.742521000      2.887729000     -4.474792000 
H      0.355423000      5.247274000     -3.659339000 
H     -0.246502000      5.612630000     -1.274808000 
N     -0.518991000      2.470181000      1.365793000 
N        0.009157000      2.242047000     -1.247183000 
H      0.742947000     -2.644955000     -4.996516000 
H      0.502567000      1.008269000     -2.835285000 

[Cu(HN-xantphos)(bpy)]+ 

Triplet state (T1) 

C     -1.663149059     -2.358428167      0.915918504 
C     -2.103977521     -2.265661808      2.248176733 
C     -2.048081586     -3.379032748      3.086414134 
C     -1.524658081     -4.586571308      2.612947607 
C     -1.058739739     -4.675211144      1.298661295 
C     -1.130475007     -3.568753375      0.448438559 
C     -3.690303273      1.014031670     -0.639397461 
C     -3.444865044     -0.254314119     -0.083772992 
C     -4.509646399     -0.991327849      0.454716189 
C     -5.800970123     -0.453469977      0.457417110 
C     -6.037078428      0.813918001     -0.082699291 
C     -4.980013535      1.543748680     -0.639633475 
C     -0.296461499     -1.660243347     -2.379413220 
C     -1.577382127     -1.449300595     -1.880592753 
C     -2.666229935     -1.596594437     -2.762608988 
C     -2.425781318     -1.916186803     -4.099809203 
C     -1.120941879     -2.057302500     -4.595650932 
C     -0.027352114     -1.920432392     -3.733945050 
N      1.314655678     -1.993615489     -4.123704731 
C      2.270443983     -1.358428161     -3.326738394 
C      1.939489123     -1.136861647     -1.982364122 
C      2.745306479     -0.423819646     -1.101631672 
C      3.997769542      0.028982509     -1.552839416 
C      4.372743482     -0.226714350     -2.874769164 
C        4.313184583      0.466581401     1.963160809 
C    3.152929068      1.013144240     1.386902131 
C    2.912061872      2.393411546     1.480781350 
C    3.830547944      3.219664140     2.134991012 

C    4.987708301      2.674514205    2.699063796 
C    5.227486979      1.297628341     2.613114827 
C    3.518786872     -0.896557496     -3.764481752 
C    1.987919954     -1.634518453      1.430844480 
C    1.281278881     -1.689867218      2.642703244 
C    1.299919679     -2.854929780      3.408787326 
C    2.008586442     -3.975317081      2.962160141 
C    2.700996880     -3.927777384      1.748809097 
C    2.693610095     -2.759682108      0.981358150 
H     -2.509435245     -1.327534264      2.632505998 
H       -2.405895896     -3.299616472      4.115625782 
H     -1.470130599     -5.455562374      3.272937472 
H     -0.636850531     -5.612215773      0.927996445 
H     -0.773360799     -3.653731833     -0.578633626 
H     -2.870874948      1.594240656     -1.067875455 
H     -4.338273935     -1.984764470      0.871209906 
H     -6.624998585     -1.031406147      0.882806825 
H     -7.046089264      1.233435437     -0.073156638 
H     -5.158383839      2.533229700     -1.066910765 
H     -3.685306781     -1.451145307     -2.403615671 
H     -3.268740038     -2.037173126     -4.783712059 
H     -0.951810480     -2.267848898     -5.654104386 
H      4.655795630      0.584075684     -0.883120098 
H      5.344340958      0.118766954     -3.234655202 
H      4.499472967     -0.608113032      1.906372681 
H    2.010403108      2.822149366     1.042310373 
H    3.637102438      4.292693782     2.205556269 
H    5.703399363      3.321994849     3.211745532 
H    6.128983286      0.868622229    3.057306739 
H    3.819013997     -1.053214070     -4.803102172 
H      0.716454665     -0.819410861      2.986916111 
H      0.745680066     -2.894794289      4.348412442 
H      2.011864695     -4.891196954      3.557958159 
H      3.251150716     -4.803512813      1.395946299 
H      3.240730157     -2.724478592      0.037323401 
O      0.749761081     -1.619371813     -1.486403858 
P      1.965563273     -0.062601669      0.509170645 
P     -1.725910539     -0.874231508     -0.142301583 
Cu      -0.169934690      0.920332371      0.274668393 
C     -1.395612917      3.426578265      0.669262638 
C     -2.264621446      4.403943244      1.225842272 
C     -3.115905711      4.070942055      2.257166396 
C     -3.115755425      2.741695903      2.767304906 
C     -2.261980851      1.825868417      2.188684510 
C     -0.465994544      3.648426302     -0.389944365 
C      1.221961816      2.666102403     -1.739353229 
C      1.401144936      3.826121376     -2.464671613 
C       0.607038273      4.960032860     -2.130051142 
C     -0.312519383      4.865166726     -1.108344814 
H     -2.247199872      5.421911992      0.834619415 
H     -3.783949654      4.823741143      2.681739591 
H     -3.774005884      2.439541514      3.582377044 
H     -2.236452282      0.789495413      2.532988396 
H      2.140028779      3.859610358     -3.266174058 
H      0.722184067      5.896512546     -2.680486499 
H     -0.937276627      5.721232107     -0.850143359 
N     -1.430898456      2.135209033      1.173119285 
N      0.331683008      2.560931600     -0.728232034 
H      1.509812014     -2.080187299     -5.114939445 
H      1.815247830      1.775613512     -1.954987666 

[Cu(HN-xantphos)(Mebpy)]+

Ground state (S0) 

C     -1.835921000     -1.608973000      1.682431000 
C     -2.256262000     -0.930664000      2.840514000 
C     -2.163784000     -1.543256000      4.091670000 
C     -1.638602000     -2.835125000      4.202923000 
C     -1.210574000     -3.509561000      3.056598000 
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C     -1.308491000     -2.902853000      1.801143000 
C     -3.674581000      1.282028000     -0.607386000 
C     -3.535571000      0.034944000      0.022457000 
C     -4.668391000     -0.595322000      0.564206000 
C     -5.921564000      0.014882000      0.472756000 
C     -6.054217000      1.256871000     -0.160532000 
C     -4.930373000      1.889052000     -0.701745000 
C     -0.697583000     -2.551660000     -1.609722000 
C     -1.916729000     -1.997842000     -1.224022000 
C    -3.063351000     -2.353868000     -1.960855000 
C     -2.945026000     -3.214339000     -3.054461000 
C     -1.697389000     -3.706595000     -3.463449000 
C     -0.546525000     -3.366710000     -2.744188000 
N      0.754482000     -3.747995000     -3.093474000 
C      1.810097000     -2.928687000     -2.676581000 
C      1.597896000     -2.138726000     -1.536235000 
C      2.518670000     -1.201509000     -1.074432000 
C      3.755074000     -1.103991000     -1.738470000 
C      4.008041000     -1.917457000     -2.846599000 
C    4.451448000      0.810827000     1.268369000 
C    3.318650000      1.075342000     0.483110000 
C    3.219757000      2.300425000     -0.197918000 
C    4.246840000      3.243135000     -0.105703000 
C       5.374774000      2.973773000     0.677422000 
C    5.474348000      1.758742000     1.364868000 
C    3.043696000     -2.813758000     -3.329251000 
C    2.058200000     -1.193564000      1.772177000 
C    1.441747000     -0.750901000      2.953465000 
C    1.496174000     -1.525312000      4.112141000 
C    2.154822000     -2.759648000      4.098167000 
C    2.761468000     -3.211738000      2.922871000 
C    2.716894000     -2.431373000      1.762779000 
H     -2.676082000      0.075143000      2.762811000 
H     -2.502052000     -1.008296000      4.982824000 
H     -1.557584000     -3.312079000      5.182712000 
H     -0.791009000     -4.515205000      3.136859000 
H     -0.964710000     -3.440245000      0.917024000 
H       -2.793107000      1.775906000     -1.021375000 
H     -4.568492000     -1.562433000      1.061984000 
H     -6.798801000     -0.480069000      0.897050000 
H     -7.035668000      1.733052000     -0.228185000 
H     -5.029015000      2.860485000     -1.192621000 
H     -4.036692000     -1.946278000     -1.686438000 
H     -3.837369000     -3.492751000     -3.619866000 
H     -1.614094000     -4.345741000     -4.345636000 
H      4.504491000     -0.390428000     -1.393237000 
H      4.969104000     -1.844835000     -3.360926000 
H      4.532841000     -0.136517000      1.805809000 
H      2.334542000      2.512479000     -0.801403000 
H      4.162920000      4.192585000     -0.640512000 
H    6.175750000      3.713286000     0.755820000 
H    6.353226000      1.547704000     1.979421000 
H    3.244428000     -3.418245000     -4.217007000 
H    0.914708000      0.204657000     2.963221000 
H    1.006366000     -1.174105000      5.022709000 
H      2.186018000     -3.373335000      5.001908000 
H      3.273463000     -4.177308000      2.906073000 
H      3.195077000     -2.789295000      0.848804000 
O      0.413952000     -2.272251000     -0.843815000 
P      1.941078000     -0.117730000      0.292495000 
P     -1.862164000     -0.705246000      0.085740000 
Cu      -0.131822000      0.789445000     -0.053395000 
C     -0.622754000      3.636345000      0.371026000 
C     -0.900614000      4.865190000      0.987979000 
C     -1.117232000      4.905648000      2.364293000 
C     -1.056759000      3.717306000      3.095797000 
C     -0.773697000      2.536473000      2.411716000 
C     -0.401177000      3.502672000     -1.094106000 
C     -0.034758000      2.020097000     -2.871025000 

C      0.162317000      0.597502000     -3.303646000 
C     -0.024008000      3.081257000     -3.786146000 
C     -0.199595000      4.384115000     -3.323023000 
C     -0.393548000      4.602525000     -1.959921000 
H     -0.954443000      5.783305000      0.404536000 
H    -1.335121000      5.855225000      2.857791000 
H     -1.225440000      3.699267000      4.173712000 
H     -0.723603000      1.581971000      2.940490000 
H      0.180071000      0.506871000     -4.397670000 
H      1.111412000      0.207152000     -2.905454000 
H     -0.640119000     -0.040277000     -2.903614000 
H      0.122873000      2.877686000     -4.847956000 
H     -0.189198000      5.226428000     -4.018231000 
H     -0.535604000      5.614289000     -1.584116000 
N     -0.558198000      2.497345000      1.091920000 
N     -0.215113000      2.247211000     -1.556879000 
H      0.869210000     -4.241543000     -3.971607000 

[Cu(HN-xantphos)(Mebpy)]+

Triplet state (T1) 

C     -2.342940208     -1.455991512      1.309172872 
C     -3.039994176     -0.882641192      2.388233547 
C     -3.297884475     -1.632142977      3.537893346 
C     -2.860777717     -2.956794812      3.624800125 
C     -2.160864604     -3.527643182      2.558040176 
C     -1.898301670     -2.784578839      1.406019188 
C     -3.210916311      1.877698683     -1.049816752 
C     -3.402127631      0.622626776     -0.449138661 
C     -4.705783301      0.184104998     -0.158688615 
C     -5.800102801      0.999759230     -0.454801916 
C     -5.603199651      2.252695378     -1.046494048 
C     -4.308878668      2.688233654     -1.347314910 
C     -0.787956036     -2.306700033     -1.850902205 
C     -1.940285005     -1.563696545     -1.609639714 
C     -2.993687463     -1.654224485     -2.541074753 
C    -2.847232896     -2.465480196     -3.667471391 
C     -1.660342303     -3.170689844     -3.912436006 
C     -0.602265094     -3.094359730     -3.000255082 
N      0.638012075     -3.722349718     -3.160938166 
C      1.744987908     -3.167549177     -2.513020950 
C      1.496216921     -2.384216562     -1.378715229 
C      2.481819072     -1.657731872     -0.720220290 
C      3.814822384     -1.796164640     -1.145684090 
C      4.096174285     -2.627703715     -2.233774116 
C    4.184888205      0.002042624     2.025430683 
C    3.324857698      0.489963627     1.026743037 
C    3.605947657      1.717155302     0.403745307 
C    4.743201424      2.442457281     0.768748490 
C    5.599951561      1.951954951     1.759221718 
C       5.319198688      0.732488736     2.386768255 
C    3.076477243     -3.293539401     -2.930077182 
C    1.384533004     -1.446280051      1.968485390 
C    0.669055200     -0.803224917      2.992691551 
C    0.302362884     -1.507323293      4.139196924 
C    0.641710495     -2.858360965      4.268545307 
C    1.347290039     -3.503413744      3.248938755 
C    1.717282304     -2.802123182      2.097934316 
H     -3.409128646      0.142178814      2.326871211 
H     -3.847329213     -1.177209296      4.365491108 
H     -3.060602455     -3.542354310      4.525307400 
H     -1.806936043     -4.558720710      2.622817292 
H     -1.338725834     -3.242080088      0.591543963 
H     -2.204107381      2.227897603     -1.281846159 
H       -4.867909980     -0.794968693      0.295661913 
H     -6.810560937      0.653772561     -0.224289131 
H     -6.461294957      2.890074028     -1.273668783 
H     -4.149927052      3.664888477     -1.810280443 
H     -3.912503212     -1.088782719     -2.387290024 
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H     -3.666604070     -2.539726939     -4.385776589 
H     -1.552495451     -3.774659947     -4.816390342 
H      4.611445814     -1.246330428     -0.642546066 
H      5.129064245     -2.744341789     -2.569158190 
H      3.966978305     -0.946461027      2.520667562 
H      2.934651920      2.107828343     -0.360748597 
H    4.954162168      3.397121614     0.280946022 
H    6.486313399      2.522641922     2.047402652 
H    5.985582602      0.348786546     3.163195107 
H    3.310378879     -3.901856695     -3.806760897 
H    0.401049149      0.251844449     2.897350215 
H     -0.262454982     -1.004342964      4.926900014 
H    0.344279014     -3.412105268      5.162157402 
H    1.609123766     -4.559824044      3.346295197 
H    2.268660126     -3.309469753      1.303798548 
O    0.208795880     -2.273117915     -0.900142142 
P      1.854356145     -0.460930318      0.506346426 
P     -1.944420526     -0.436890324     -0.155683417 
Cu       0.008912932      0.925279120     -0.139818684 
C     -0.183229210      3.673979213      0.397113658 
C     -0.451301408      4.861933453      1.131811179 
C     -1.177649042      4.809588827      2.301307717 
C     -1.655390792      3.554520095      2.776509945 
C     -1.370004972      2.428444667      2.032079795 
C      0.549942164      3.601069701     -0.824405236 
C      1.329523971      2.144862284     -2.552355754 
C      1.439407097      0.739125677     -3.071589762 
C      1.806503705      3.223070454     -3.281049759 
C      1.682774127      4.534606632     -2.748277809 
C      1.050584059      4.720254711     -1.539091391 
H     -0.069932890      5.815742635      0.765320480 
H     -1.382107785      5.724677051      2.861640805 
H      -2.232805722      3.470655026      3.697807535 
H     -1.710892489      1.442948351      2.355253104 
H      1.779087561      0.732972404     -4.115497721 
H      2.156566097      0.150778474     -2.481492570 
H      0.468397009      0.220917743     -3.020458540 
H      2.269593595      3.052647863     -4.253651084 
H      2.069552424      5.391274746     -3.304906657 
H      0.915577184      5.723294311     -1.133408236 
N     -0.666970242      2.467724436      0.882309928 
N      0.750846424      2.323244760     -1.335327987 
H      0.804374290     -4.211259224     -4.033447731 

[Cu(HN-xantphos)(Me2bpy)]+ 

Ground state (S0) 

Cu      -0.124558000     -0.721761000      0.101023000 
P     -1.453192000      1.184227000      0.073494000 
P      2.139585000     -0.543133000      0.301059000 
O      1.151772000      1.963456000     -0.906391000 
N     -0.969821000     -1.879622000     -1.455192000 
N     -1.447857000     -1.964910000      1.207666000 
N      1.914720000      3.275519000     -3.150744000 
C      2.946619000      0.397879000     -1.066368000 
C     -3.186978000      0.628201000     -0.078155000 
C      3.022557000     -2.147858000      0.298163000 
C      0.167110000      2.506126000     -1.707621000 
C      2.284839000      1.521868000     -1.558938000 
C     -1.678383000     -1.881858000      2.528537000 
C     -3.641081000      0.109449000     -1.304479000 
H     -3.018358000      0.191517000     -2.197745000 
C     -1.167223000      2.301358000     -1.357556000 
C      -3.989248000      0.473852000      1.065336000 
H     -3.645316000      0.851962000      2.029864000 
C     -1.982880000     -2.669362000     -1.040963000 
C      4.141867000      0.006042000     -1.700038000 
H      4.688985000     -0.865558000     -1.341224000 
C      4.325024000     -2.306007000      0.801267000 

H      4.848005000     -1.454279000      1.241448000 
C      2.356186000     -3.254652000     -0.252777000 
H      1.335887000     -3.136793000     -0.626656000 
C      0.551895000      3.242601000     -2.841642000 
C     -2.303600000     -2.642063000      0.409845000 
C      4.951892000     -3.552967000      0.745089000 
H      5.964400000     -3.669607000      1.139543000 
C      2.720239000      2.227077000     -2.694848000 
C       -2.394522000      3.350381000      1.651623000 
H     -3.230239000      3.421542000      0.951333000 
C     -1.418966000      2.352149000      1.485947000 
C     -0.651709000     -1.813099000     -2.762714000 
C    3.083415000      1.663970000     1.808751000 
H    3.077192000      2.227330000     0.875097000 
C     -1.350595000     -2.566118000     -3.714337000 
H     -1.076065000     -2.493668000     -4.767817000 
C    2.747672000      0.301307000     1.815851000 
C      4.286051000     -4.650140000      0.184955000 
H      4.779055000     -5.624653000      0.143340000 
C     -2.160408000      2.946593000     -2.119134000 
H     -3.212459000      2.825958000     -1.857253000 
C     -0.450119000      3.864425000     -3.594244000 
H     -0.178084000      4.451466000     -4.474627000 
C     -1.793608000      3.727487000     -3.216624000 
H     -2.565210000      4.229363000     -3.805021000 
C     -2.797412000     -2.498805000      3.108283000 
H     -2.957394000     -2.420828000      4.185163000 
H      2.181888000      3.717995000     -4.023014000 
C      2.759748000     -0.399983000      3.034679000 
H      2.516355000     -1.464521000      3.056636000 
C     -2.707820000     -3.456832000     -1.944959000 
H     -3.511824000     -4.104904000     -1.601643000 
C     -5.223472000     -0.175074000      0.979886000 
H     -5.832907000     -0.294428000      1.879012000 
C     -0.343095000      2.282820000      2.381887000 
H    0.425296000      1.522751000     2.247023000 
C     -4.879271000     -0.530409000     -1.387341000 
H     -5.217172000     -0.928359000     -2.347295000 
C      2.988386000     -4.500099000     -0.313959000 
H      2.462749000     -5.355912000     -0.744685000 
C     -2.385825000     -3.401611000     -3.297811000 
H     -2.938773000     -4.004856000     -4.021197000 
C      4.615415000      0.722924000     -2.800189000 
H      5.544443000      0.415105000     -3.285381000 
C      3.907098000      1.818396000     -3.311455000 
H     4.268128000      2.352829000     -4.193367000 
C     -5.673288000     -0.677480000     -0.245067000 
H     -6.637744000     -1.187268000     -0.308675000 
C     -2.299163000      4.252760000      2.712497000 
H     -3.063313000      5.023736000      2.839988000 
C      0.466334000     -0.897714000     -3.160868000 
H      0.229438000      0.136828000     -2.873779000 
H      0.644187000     -0.926895000     -4.243604000 
H      1.397426000     -1.171371000     -2.644263000 
C     -0.724987000     -1.082209000      3.365020000 
H     -0.549835000     -1.559348000      4.340267000 
H     -1.135159000     -0.077363000      3.555341000 
H      0.231167000     -0.955730000      2.845584000 
C     -3.444581000     -3.263498000      0.927503000 
H      -4.144438000     -3.783286000      0.276370000 
C    3.092387000      0.253167000     4.223378000 
H    3.099871000     -0.304874000      5.162982000 
C    3.415351000      1.614932000     4.210783000 
H    3.672144000      2.126608000     5.141564000 
C    3.413723000      2.315475000     3.000917000 
H    3.668408000      3.377927000     2.981141000 
C     -1.223705000      4.175240000      3.607823000 
H     -1.150721000      4.885587000      4.435331000 
C     -3.690753000     -3.190554000      2.297571000 



25 

H     -4.577491000     -3.665301000      2.723198000 
C     -0.243479000      3.193694000      3.438738000 
H    0.604468000      3.130699000     4.124651000 

[Cu(HN-xantphos)(Me2bpy)]+ 

Triplet state (T1) 

Cu     0.221019345      0.850320104      0.158646810 
P      1.520465939     -1.161262010     -0.119944374 
P     -2.077006415      0.286832061      0.514763519 
O     -1.093236275     -1.971252987     -1.012129807 
N      0.370197057      2.285078909     -1.251447043 
N    1.590216792    1.927340801      1.093066409 
N     -1.978249240     -3.027285455     -3.351688043 
C     -3.022089993     -0.604293430     -0.773589403 
C      3.211670918     -0.498265889     -0.276605181 
C     -3.043318997      1.797235166      0.858829804 
C     -0.165265230     -2.244438096     -1.997459432 
C     -2.338916344     -1.595096336     -1.471231288 
C    2.129221921      1.684076961     2.315915655 
C      3.438061941      0.476187556     -1.266646601 
H      2.650452515      0.728229917     -1.979982295 
C      1.166548491     -1.922754422     -1.750934273 
C      4.222469315     -0.790656428      0.650542993 
H      4.059157278     -1.540119053      1.426938623 
C      1.330012401      3.227466859     -0.896851189 
C     -4.325178385     -0.270418570     -1.186807513 
H     -4.890730220      0.496382018     -0.657093678 
C     -4.213944798      1.748206893      1.636626695 
H     -4.547142312      0.801794551      2.067781797 
C     -2.613444505      3.021859801      0.322376368 
H     -1.695104486      3.069585239     -0.264728856 
C     -0.601841752     -2.830108192     -3.197062980 
C    1.952587318      3.056620396     0.373929344 
C     -4.950165292      2.912583112      1.861966243 
H      -5.860030537      2.869915021      2.465532584 
C     -2.839359268     -2.184514064     -2.643093247 
C      2.484619478     -3.672252507      0.675158731 
H      3.131767270     -3.611375428     -0.202718808 
C      1.604137858     -2.618545773      0.980551684 
C     -0.188627347      2.319224071     -2.492575129 
C     -2.652889906     -2.062087320      1.983448935 
H     -2.929957588     -2.522750933      1.034394411 
C      0.132389035      3.310684744     -3.405777895 
H     -0.339121123      3.306213196     -4.389132102 
C     -2.251435407     -0.718984132      2.029125928 
C     -4.523069509      4.130690400      1.318766856 
H     -5.100308224      5.040675769      1.500278885 
C      2.126193440     -2.248573616     -2.727707102 
H        3.179054020     -2.018957787     -2.560098146 
C      0.364948677     -3.144875519     -4.158872264 
H      0.058658769     -3.602518588     -5.102288934 
C      1.716156215     -2.863656971     -3.912422777 
H      2.459061805     -3.121266277     -4.670473949 
C    3.061617946      2.543762444     2.875077145 
H    3.475203834      2.319352661     3.858925603 
H     -2.300200149     -3.371879330     -4.249297014 
C     -1.899029289     -0.138871456      3.261222546 
H     -1.606796445      0.912901664      3.309028948 
C      1.663114663      4.265977210     -1.806753477 
H      2.407608842      5.009922104     -1.523995022 
C      5.445962569     -0.116167636      0.586438461 
H      6.227617163     -0.347079420      1.314121738 
C      0.761436848     -2.718513706      2.095441362 
H      0.062841915     -1.917632515      2.328284115 
C      4.661533499      1.140934195     -1.329388501 
H      4.825065674      1.899535182     -2.098374592 
C     -3.355866426      4.184112960      0.551415923 
H     -3.014942396      5.134023165      0.132972717 

C      1.068714201      4.315671716     -3.046113053 
H      1.324634902      5.109350804     -3.751669841 
C     -4.874877128     -0.911156967     -2.299204237 
H     -5.888267435     -0.659358556     -2.619254871 
C     -4.136708204     -1.842789918     -3.042461201 
H     -4.561168684     -2.292399547     -3.943138341 
C      5.666938522      0.849851253     -0.399186445 
H      6.621699165      1.379515875     -0.442066207 
C      2.531669157     -4.801814684      1.492751868 
H      3.220633064     -5.615588749      1.253983918 
C     -1.174047991      1.246577025     -2.846580950 
H     -0.752059827      0.251317388     -2.650100083 
H     -1.448944459      1.300075257     -3.907807822 
H     -2.096452620      1.339594214     -2.255520655 
C    1.704890031      0.440467033     3.037973778 
H    1.961155227      0.497935153     4.104090247 
H    2.211583068     -0.444223663      2.625568485 
H     0.623400962      0.274998599     2.950500778 
C    2.908816428      3.951635870     0.922239526 
H    3.194813447      4.842001462     0.362984901 
C     -1.938875277     -0.899904013      4.430690508 
H     -1.662254750     -0.443183829      5.383773659 
C     -2.332927645     -2.242488078      4.380210703 
H     -2.361069291     -2.838420508      5.295571453 
C     -2.694727188     -2.818049300      3.158315034 
H     -3.006469210     -3.864142762      3.115478136 
C      1.693772547     -4.893539622      2.611730499 
H      1.730163537     -5.780514247      3.249100154 
C    3.464599122      3.697697995     2.154811345 
H    4.203500427      4.381451094     2.578871238 
C    0.807664714     -3.855104943      2.908702126 
H       0.143390630     -3.923710657      3.772425232 

[Cu(BnN-xantphos)(bpy)]+ 

Ground state (S0) 

C     -2.120442000     -1.508659000      2.240497000 
C     -3.522108000     -1.545293000      2.134571000 
C     -4.319924000     -1.313359000      3.255408000 
C     -3.727712000     -1.017151000      4.488400000 
C     -2.335920000     -0.957544000      4.593364000 
C     -1.532513000     -1.207047000      3.476248000 
C     -1.598740000     -3.572021000     -1.329860000 
C     -1.725706000     -3.355789000      0.052118000 
C     -2.270553000     -4.366651000      0.860427000 
C     -2.682971000     -5.574460000      0.291042000 
C     -2.551749000     -5.784082000     -1.086789000 
C     -2.006309000     -4.782345000     -1.896664000 
C      1.416638000     -1.072591000      1.551665000 
C      0.573465000     -2.149125000      1.279153000 
C      1.124792000     -3.444141000      1.305638000 
C      2.485794000     -3.607475000      1.563479000 
C      3.331211000     -2.505134000      1.752018000 
C      2.804639000     -1.205721000      1.736195000 
N      3.568324000     -0.028411000      1.839488000 
C    3.020093000      1.143190000     1.286332000 
C    1.623895000      1.212939000     1.146399000 
C    0.967580000      2.269518000     0.516319000 
C    1.738188000      3.357304000     0.069155000 
C    3.123228000      3.334727000     0.241682000 
C     -1.611420000      4.750188000     -0.205137000 
C     -1.267517000      3.517962000     -0.782401000 
C       -1.241796000      3.392513000     -2.181584000 
C     -1.541670000      4.489355000     -2.993323000 
C     -1.881865000      5.716312000     -2.412727000 
C     -1.918690000      5.844104000     -1.019525000 
C    3.769785000      2.236938000    0.826292000 
C     -1.608243000      2.330938000      1.840495000 
C     -2.938483000      1.914848000      2.009376000 
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C     -3.590471000      2.120742000      3.225529000 
C     -2.912697000      2.724689000      4.290133000 
C     -1.582297000      3.125155000      4.133088000 
C     -0.930683000      2.932870000      2.910682000 
H     -3.991388000     -1.769821000      1.172795000 
H     -5.408329000     -1.355578000      3.164880000 
H     -4.352356000     -0.824000000      5.363959000 
H       -1.868132000     -0.716354000      5.551036000 
H     -0.446475000     -1.164448000      3.571929000 
H     -1.176360000     -2.787853000     -1.961096000 
H     -2.374353000     -4.208698000      1.935906000 
H     -3.107331000     -6.356372000      0.925935000 
H     -2.877325000     -6.728944000     -1.529243000 
H     -1.903888000     -4.940056000     -2.973230000 
H      0.492686000     -4.310730000      1.109266000 
H      2.914474000     -4.611911000      1.588338000 
H      4.400302000     -2.666475000      1.885849000 
H      1.254254000      4.204516000     -0.418470000 
H      3.724729000      4.178600000     -0.103841000 
H     -1.640306000      4.853874000      0.881760000 
H     -0.985750000      2.431135000     -2.632543000 
H     -1.516968000      4.384248000     -4.080898000 
H     -2.123358000      6.573199000     -3.046758000 
H     -2.187773000      6.800653000     -0.564302000 
H    4.856467000      2.231686000     0.900697000 
H     -3.460115000      1.417715000      1.187662000 
H     -4.623045000      1.788834000      3.349990000 
H     -3.419537000      2.872595000      5.247033000 
H     -1.047615000      3.590856000      4.964932000 
H    0.107308000      3.250622000     2.790598000 
O    0.852834000    0.181418000      1.634048000 
P     -0.830778000      2.041851000      0.210531000 
P     -1.134337000     -1.753926000      0.717083000 
Cu      -1.145139000      0.000210000     -0.742625000 
C     -1.824186000     -0.465522000     -3.529215000 
C     -2.564627000     -0.790626000     -4.673786000 
C     -3.950959000     -0.908239000     -4.578336000 
C     -4.567788000     -0.696379000     -3.343115000 
C     -3.764693000     -0.376669000     -2.249158000 
C     -0.342445000     -0.329597000     -3.534578000 
C      1.568544000     -0.024932000     -2.245701000 
C      2.397000000     -0.037892000     -3.366794000 
C      1.808261000     -0.208305000     -4.622133000 
C      0.423904000     -0.355767000     -4.708449000 
H     -2.068527000     -0.961537000     -5.628454000 
H     -4.541538000     -1.165592000     -5.460193000 
H     -5.649325000     -0.778159000     -3.223596000 
H     -4.198674000     -0.203141000     -1.261048000 
H      3.474765000      0.088110000     -3.251360000 
H      2.418599000     -0.221172000     -5.527652000 
H     -0.050175000     -0.477601000     -5.681735000 
N     -2.434221000     -0.265643000     -2.340538000 
N      0.241068000     -0.167437000     -2.327859000 
H      1.980749000      0.114491000     -1.244344000 
C      4.998386000     -0.106138000      2.067411000 
H    5.317350000      0.827406000     2.555337000 
H    5.180736000     -0.900398000      2.807482000 
C    5.846036000     -0.348775000      0.826605000 
C      7.240033000     -0.218755000      0.918303000 
H    7.693993000      0.063667000     1.872971000 
H    4.198399000     -0.808444000     -0.496622000 
C    5.279941000     -0.703627000     -0.404475000 
C    6.090517000     -0.927141000     -1.522781000 
H    5.632632000     -1.208113000     -2.474910000 
C    7.478335000     -0.797103000     -1.423252000 
H    8.111805000     -0.970760000     -2.296676000 
C    8.051641000     -0.441528000     -0.196622000 
H    9.135901000     -0.334200000     -0.109192000 

[Cu(BnN-xantphos)(bpy)]+ 

Triplet state (T1) 

C     -2.454659579     -0.542193422      2.375785181 
C     -3.838479252     -0.509310348      2.125763219 
C     -4.706561720      0.056829403      3.058668841 
C     -4.199588220      0.628039201      4.230687437 
C     -2.822257847      0.627660310      4.466880940 
C     -1.949392146      0.039028410      3.547714346 
C     -1.304320846     -3.717119859     -0.183148246 
C     -1.932257916     -2.990808209      0.845258524 
C     -2.946952116     -3.597592477      1.598765651 
C     -3.344367405     -4.907683472      1.309657598 
C     -2.728373336     -5.619037926      0.276643282 
C     -1.699580267     -5.023734159     -0.463771999 
C      1.179022786     -0.472729383      1.927236024 
C      0.285382115     -1.540560387      1.911252225 
C      0.732301407     -2.791229010      2.380931430 
C      2.053590850     -2.928422974      2.801497694 
C      2.959187752     -1.860073376      2.730424427 
C     2.533404329     -0.601111488      2.284335944 
N    3.372166673    0.519537227      2.132210185 
C    2.948037987      1.528352797     1.251709515 
C    1.581512885      1.601640142     0.944821636 
C      1.058169286      2.453811308     -0.023036673 
C      1.914747441      3.372666216     -0.652724261 
C      3.268610919      3.367625803     -0.313765595 
C     -1.420233947      4.481813264     -1.813550759 
C     -0.983213445      3.153906988     -1.952784172 
C     -0.762686235      2.621257277     -3.234646736 
C     -0.966463927      3.416708051     -4.364970927 
C     -1.396400862      4.740271370     -4.223428713 
C     -1.623729058      5.270656730     -2.948289876 
C    3.792098983      2.446062566     0.605279817 
C      -1.699790350      2.802460797      0.839777835 
C     -3.071681839      2.504613912      0.839905367 
C     -3.903919428      3.055639302      1.814028076 
C     -3.369873219      3.888188576      2.803137085 
C     -2.001153089      4.173113482      2.814952555 
C     -1.164210586      3.634224772      1.834186555 
H     -4.243578724     -0.935344601      1.205063599 
H     -5.781270441      0.065165003      2.862498602 
H     -4.878734830      1.084112730      4.954863857 
H     -2.421118208      1.083869308      5.374903061 
H     -0.876807542      0.031008728      3.747785680 
H     -0.503914327     -3.262038008     -0.769426366 
H     -3.429319933     -3.056339932      2.413395925 
H     -4.138855605     -5.372061908      1.898843548 
H       -3.045852168     -6.639729821      0.049563270 
H     -1.209528796     -5.575462826     -1.269258091 
H      0.054565583     -3.644645330      2.397873569 
H      2.405974743     -3.895330352      3.167022117 
H      3.999153870     -2.024448530      3.008980156 
H      1.528017828      4.056309246     -1.409539275 
H      3.948687823      4.073599054     -0.795120567 
H     -1.602021678      4.898021224     -0.820616856 
H     -0.430862466      1.587549739     -3.347106426 
H     -0.793316602      2.998114560     -5.359248939 
H     -1.559218118      5.359598726     -5.108971384 
H     -1.962272849      6.303508060     -2.835879399 
H    4.864957701      2.434331764     0.792397950 
H     -3.488742304      1.838325250      0.080008954 
H     -4.969698812      2.819909358      1.812354818 
H     -4.022259865      4.308483372      3.572285633 
H     -1.581231892      4.819372785      3.589556920 
H     -0.097144772      3.864898956      1.840595420 
O    0.691032461    0.763056130     1.573079387 
P     -0.669804515      2.107747379     -0.489678930 
P     -1.354200035     -1.278628761      1.125983350 
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Cu      -0.984212532     -0.168349275     -0.975482166 
C     -1.258069167     -1.927723396     -3.153860949 
C     -1.877600256     -2.852305590     -4.037896524 
C     -3.193067692     -3.218322147     -3.851221311 
C     -3.931962118     -2.661867927     -2.768914134 
C     -3.287475029     -1.773231156     -1.933657060 
C      0.094086657     -1.478128055     -3.234269961 
C      1.738458390     -0.060291281     -2.279775494 
C      2.718632241     -0.515154052     -3.139045045 
C      2.361959896     -1.496632854     -4.107417714 
C      1.067108148     -1.966152777     -4.148785616 
H     -1.305858635     -3.264184351     -4.870314033 
H     -3.665764794     -3.930102589     -4.531800405 
H     -4.973341668     -2.929289237     -2.587556095 
H     -3.805562311     -1.330510357     -1.079240066 
H      3.730633458     -0.114473210     -3.070665290 
H     3.107860100     -1.878286599     -4.808233604 
H      0.783880842     -2.730776330     -4.873404957 
N     -1.999989429     -1.409948329     -2.103389605 
N      0.462881394     -0.503837067     -2.312082824 
H      1.964417076      0.703160674     -1.534946875 
C    4.784182498      0.400296130     2.446188510 
H    5.174641752      1.409367822     2.645940750 
H    4.878600419     -0.140119785      3.399657431 
C    5.625906647     -0.280651800      1.375633830 
C    7.002365994     -0.441925446      1.595984824 
H    7.445846692     -0.079654405      2.528436942 
H    4.006216798     -0.637328378     -0.021213658 
C    5.072870383     -0.749876442      0.177006086 
C    5.879790545     -1.369212264     -0.783897247 
H       5.428309745     -1.729988379     -1.711650271 
C    7.249580671     -1.525971499     -0.557714191 
H    7.880084779     -2.009864405     -1.307846754 
C    7.809471367     -1.059273679      0.637828980 
H    8.880033985     -1.177326244      0.824420582 

[Cu(BnN-xantphos)(Mebpy)]+ 

Ground state (S0) 

C     -1.539385000     -1.807028000      2.277119000 
C     -2.923192000     -2.044161000      2.360160000 
C     -3.592768000     -1.902536000      3.577140000 
C     -2.891467000     -1.510119000      4.722099000 
C     -1.518915000     -1.261563000      4.642057000 
C     -0.843292000     -1.408938000      3.427522000 
C     -1.539247000     -3.523416000     -1.467632000 
C     -1.339348000     -3.466854000     -0.079051000 
C    -1.592473000     -4.607017000      0.702087000 
C     -2.035456000     -5.786332000      0.098720000 
C     -2.228167000     -5.837582000     -1.287467000 
C     -1.978664000     -4.705933000     -2.070143000 
C      1.851393000     -1.113688000      1.226797000 
C      1.046296000     -2.216778000      0.947085000 
C      1.675109000     -3.465587000      0.778573000 
C      3.064302000     -3.554981000      0.866344000 
C      3.858817000     -2.419456000      1.079980000 
C      3.256266000     -1.166012000      1.255679000 
N    3.955128000    0.045145000      1.413560000 
C    3.289997000      1.224913000     1.033750000 
C    1.885987000      1.208618000     1.025044000 
C    1.108123000      2.267797000     0.562774000 
C       1.761527000      3.447200000     0.162734000 
C    3.155431000      3.507456000     0.210640000 
C     -1.662780000      4.619500000      0.335927000 
C     -1.329087000      3.460084000     -0.381409000 
C     -1.479255000      3.443660000     -1.778258000 
C     -1.944706000      4.576534000     -2.450671000 
C     -2.274946000      5.730148000     -1.730895000 

C       -2.135059000      5.749230000     -0.338398000 
C    3.922238000      2.407773000     0.622193000 
C     -1.290753000      2.064151000      2.152917000 
C     -2.603719000      1.645689000      2.421960000 
C     -3.117276000      1.717955000      3.716450000 
C     -2.317509000      2.195431000      4.760568000 
C     -1.005980000      2.603172000      4.502123000 
C       -0.492726000      2.541017000      3.202237000 
H     -3.478303000     -2.360087000      1.473635000 
H     -4.666764000     -2.098589000      3.630131000 
H     -3.416273000     -1.390910000      5.673095000 
H     -0.966830000     -0.943803000      5.529662000 
H      0.226485000     -1.204540000      3.380039000 
H     -1.349984000     -2.635198000     -2.073971000 
H     -1.446608000     -4.570383000      1.783946000 
H     -2.231059000     -6.669715000      0.711810000 
H     -2.576987000     -6.761206000     -1.756319000 
H     -2.132231000     -4.740752000     -3.151593000 
H      1.079509000     -4.353202000      0.564254000 
H      3.551860000     -4.524095000      0.738149000 
H      4.943951000     -2.516143000      1.084696000 
H      1.180852000      4.300338000     -0.190579000 
H      3.667826000      4.421293000     -0.098687000 
H     -1.554727000      4.637755000      1.422643000 
H     -1.229790000      2.539044000     -2.337066000 
H     -2.057072000      4.555795000     -3.537607000 
H     -2.646065000      6.614555000     -2.254993000 
H     -2.395114000      6.648546000      0.225721000 
H    5.009503000      2.472585000     0.598344000 
H     -3.225397000      1.260442000      1.611953000 
H     -4.137380000      1.382465000      3.914854000 
H     -2.714673000      2.239359000      5.777740000 
H     -0.376157000      2.972850000      5.315388000 
H    0.531403000      2.865155000     3.006871000 
O    1.227769000    0.087835000      1.476955000 
P     -0.694179000      1.941689000      0.424015000 
P     -0.737597000     -1.889280000      0.629052000 
Cu      -1.198176000     -0.030002000     -0.621529000 
C     -3.192017000     -0.114710000     -2.749732000 
C     -4.420670000     -0.160988000     -3.424930000 
C     -5.603082000     -0.220950000     -2.689311000 
C     -5.534472000     -0.237956000     -1.294306000 
C     -4.276708000     -0.187568000     -0.696188000 
C     -1.884185000     -0.068561000     -3.457500000 
C      0.446902000     -0.067614000     -3.227184000 
C      1.622599000     -0.088055000     -2.295834000 
C      0.608794000     -0.028056000     -4.618561000 
C     -0.518994000     -0.000362000     -5.436983000 
C     -1.784461000     -0.022921000     -4.852986000 
H     -4.460312000     -0.155039000     -4.513269000 
H     -6.566768000     -0.257618000     -3.201786000 
H     -6.433110000     -0.289800000     -0.677486000 
H     -4.172366000     -0.206460000      0.391076000 
H      2.569689000     -0.158826000     -2.846846000 
H      1.641092000      0.827076000     -1.684626000 
H      1.548876000     -0.937960000     -1.600522000 
H      1.612852000     -0.018269000     -5.045463000 
H     -0.415812000      0.035744000     -6.523656000 
H       -2.674772000     -0.004599000     -5.479373000 
N     -3.141551000     -0.122811000     -1.401472000 
N     -0.781232000     -0.082122000     -2.676748000 
C    5.400473000      0.035706000     1.527369000 
H    5.705875000      0.961118000    2.039634000 
H    5.682137000     -0.783346000      2.206827000 
C    6.160991000     -0.100003000      0.216016000 
C    7.563784000     -0.123763000      0.241898000 
C    5.505085000     -0.200910000     -1.016865000 
C    8.295639000     -0.245107000     -0.941356000 
C    6.235952000     -0.322474000     -2.203773000 
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C    7.632620000     -0.344830000     -2.170677000 
H    8.087511000     -0.046106000      1.199500000 
H    4.415542000     -0.185118000     -1.056267000 
H        9.388032000     -0.262047000     -0.905064000 
H    5.706978000     -0.400055000     -3.157334000 
H    8.204370000     -0.439839000     -3.097248000 

[Cu(BnN-xantphos)(Mebpy)]+ 

Triplet state (T1) 

C     -1.710395062     -2.386374547      1.673660107 
C     -3.073724463     -2.728600353      1.730680014 
C     -3.676046179     -3.018140214      2.956599546 
C     -2.928138806     -2.963975219      4.136109704 
C     -1.575673414     -2.614940489      4.084794857 
C     -0.966435351     -2.324276655      2.863017725 
C     -1.758652323     -2.648980874     -2.498586583 
C     -1.663203035     -3.080211647     -1.165049861 
C     -2.040006341     -4.392754320     -0.831917966 
C     -2.520446895     -5.254377121     -1.820714760 
C     -2.621911341     -4.816679273     -3.146052939 
C     -2.236007773     -3.515740928     -3.484206197 
C      1.709958491     -1.571123548      0.763136565 
C      0.812289723     -2.435720325      0.141923221 
C      1.324290937     -3.591520168     -0.479635146 
C      2.699271763     -3.820972482     -0.466867157 
C      3.589836326     -2.911317849      0.121126026 
C      3.104002927     -1.756934085      0.750534738 
N      3.910188591     -0.762481973      1.333593873 
C    3.363535792      0.527035669     1.443060537 
C    1.967110588      0.645923804     1.436626800 
C    1.299374626      1.864678277     1.385105574 
C    2.053199788      3.048942564     1.454237290 
C    3.444248552      2.957623504     1.533858357 
C       -1.362952627      4.291928062      1.872802735 
C     -1.030093787      3.470754511      0.781982155 
C     -1.095532904      3.985662496     -0.523384346 
C     -1.478403756      5.313076108     -0.733014209 
C     -1.803784263      6.129477538      0.354832925 
C     -1.746364827      5.617407531      1.656418983 
C    4.102470965      1.719051344     1.504908128 
C     -1.268611436      1.232224679      2.603380082 
C     -2.630142693      0.885724708      2.578498168 
C     -3.277834478      0.508862134      3.754548037 
C     -2.570751013      0.470291463      4.961178529 
C     -1.214992022      0.808552144      4.988850795 
C     -0.560933705      1.186516465      3.812953330 
H     -3.666245817     -2.797829438      0.817014218 
H       -4.733714334     -3.290570187      2.986192196 
H     -3.400450668     -3.187651562      5.095598017 
H     -0.987879201     -2.559400690      5.003520646 
H      0.084984279     -2.040813866      2.843926068 
H     -1.465207134     -1.633823644     -2.770423877 
H     -1.955852871     -4.744982105      0.197671515 
H     -2.814340826     -6.272531611     -1.554526962 
H     -3.001707144     -5.492148630     -3.916555122 
H     -2.311089029     -3.169836281     -4.517741224 
H      0.653139665     -4.293070027     -0.974522767 
H      3.099694366     -4.716788600     -0.946311270 
H      4.661331883     -3.099569480      0.066204307 
H    1.556440467      4.019627738     1.425337333 
H    4.042458561      3.869679014     1.589130921 
H     -1.323436316      3.895158898      2.889344293 
H     -0.852462743      3.349399880     -1.374352692 
H     -1.528330571      5.706172781     -1.751244371 
H     -2.107703458      7.166074913      0.189131124 
H     -2.003061832      6.252591154      2.507763575 
H    5.191598178      1.692540622     1.504680582 
H     -3.188801465      0.917645738      1.639805463 

H     -4.333762169      0.231808740      3.727163114 
H     -3.076631234      0.164647680      5.880038200 
H     -0.660172960      0.775242024      5.929652271 
H    0.498034639      1.450790229     3.839166125 
O    1.186710673     -0.487510891      1.430098340 
P     -0.487442098      1.744993729      1.036475665 
P     -0.956485232     -1.937114175      0.070990715 
Cu      -1.157746686      0.292636077     -0.737607996 
C     -3.034255249      0.938142890     -2.719183115 
C     -4.309807374      1.122792412     -3.320796262 
C     -5.437741801      0.581269457     -2.744246537 
C     -5.320905814     -0.162227223     -1.534836806 
C     -4.064361736     -0.312679195     -0.985207914 
C     -1.798844394      1.440456985     -3.226122748 
C      0.565261846      1.525586787     -2.889588773 
C      1.739780804      1.162274326     -2.025294155 
C     0.740181385      2.173100240     -4.102578388 
C     -0.396556434      2.499749185     -4.889912112 
C     -1.649982071      2.125335644     -4.460163035 
H     -4.388841054      1.703967146     -4.240260254 
H     -6.415050157      0.724418253     -3.210665481 
H     -6.189106818     -0.607287515     -1.047598970 
H     -3.923170896     -0.871804701     -0.058294695 
H      2.684484434      1.331905268     -2.558761974 
H      1.760936252      1.765914223     -1.107017109 
H      1.697455091      0.102861474     -1.725207792 
H      1.747193519      2.423355041     -4.438309073 
H     -0.273576700      3.025757721     -5.839380983 
H     -2.529340248      2.334123585     -5.070080032 
N     -2.952339669      0.207583535     -1.542891413 
N      -0.676449923      1.202551065     -2.439236179 
C      5.348181726     -0.944047979      1.400155904 
H      5.730072542     -0.317154447      2.220284859 
H      5.545259505     -1.982088950      1.708685820 
C      6.104642721     -0.632708132      0.116859799 
C      7.500997544     -0.771385380      0.099937769 
C      5.451744360     -0.211310001     -1.047941877 
C      8.229214761     -0.493890652     -1.058927597 
C      6.179388478      0.067526721     -2.210147410 
C      7.569411167     -0.072475058     -2.219946186 
H      8.022477381     -1.100190193      1.003986298 
H      4.367403555     -0.097488208     -1.055889061 
H      9.316464983     -0.606606993     -1.056972287 
H      5.652582472      0.395315514     -3.110121274 
H        8.138593687      0.144916777     -3.127218462 

[Cu(BnN-xantphos)(Me2bpy)]+ 

Ground state (S0) 

Cu       1.210258000      0.171761000     -0.576572000 
P      0.954218000     -1.377019000      1.133331000 
P      0.385903000      2.281412000     -0.323305000 
O     -1.250365000      0.486836000      1.346195000 
N      0.742722000     -0.977003000     -2.297086000 
N      3.155478000     -0.408500000     -1.202200000 
N     -3.946969000      0.100709000      1.456484000 
C     -1.448657000      2.340583000     -0.134940000 
C      1.769468000     -2.917531000      0.582833000 
C      0.708148000      3.389859000     -1.745354000 
C     -1.716794000     -0.803972000      1.475734000 
C     -2.056895000      1.352598000      0.639114000 
C       4.297861000     -0.145908000     -0.544654000 
C      1.169741000     -3.696321000     -0.423627000 
H      0.153234000     -3.474685000     -0.754813000 
C     -0.789071000     -1.845913000      1.477813000 
C      3.092511000     -3.199815000      0.963632000 
H      3.582433000     -2.595651000      1.729502000 
C      1.817019000     -1.607015000     -2.817966000 
C     -2.277572000      3.266434000     -0.796575000 
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H     -1.838032000      4.053683000     -1.408666000 
C      0.649479000      4.790881000     -1.653199000 
H      0.426377000      5.267008000     -0.695951000 
C      1.008469000      2.791255000     -2.979868000 
H      1.072086000      1.702114000     -3.048381000 
C     -3.102570000     -1.012908000      1.600998000 
C        3.123508000     -1.370271000     -2.150547000 
C      0.880960000      5.578255000     -2.783451000 
H      0.835275000      6.667330000     -2.704751000 
C     -3.452430000      1.197369000      0.728576000 
C      1.725170000     -2.049934000      3.781950000 
H      1.469757000     -3.082165000      3.530745000 
C      1.604100000     -1.038358000      2.813565000 
C     -0.482567000     -1.185444000     -2.817822000 
C    0.264640000      3.279021000     2.327667000 
H     -0.725081000      2.825584000      2.388898000 
C     -0.667108000     -2.041044000     -3.910974000 
H     -1.669915000     -2.194393000     -4.312556000 
C    0.993516000      3.229552000     1.129338000 
C      1.169848000      4.974923000     -4.013660000 
H      1.351216000      5.593934000     -4.895933000 
C     -6.154214000     -0.632800000      0.502387000 
C     -1.254179000     -3.151261000      1.726129000 
H     -0.551062000     -3.984467000      1.759944000 
C     -7.540513000     -0.808536000      0.631009000 
H     -8.036921000     -0.520884000      1.562807000 
C     -3.544559000     -2.323846000      1.827005000 
H     -4.608311000     -2.538438000      1.922449000 
C     -2.618094000     -3.373149000      1.910266000 
H    -2.981438000     -4.385498000      2.101121000 
C     -7.661782000     -1.716356000     -1.612838000 
H     -8.247339000     -2.137043000     -2.434181000 
C      5.475774000     -0.852272000     -0.829709000 
H      6.391373000     -0.615245000     -0.284908000 
C     -5.532662000     -1.005855000     -0.695577000 
H     -4.456074000     -0.877771000     -0.813575000 
C    2.268471000      3.820499000     1.079855000 
H    2.841594000      3.809550000     0.150106000 
C      1.696217000     -2.461728000     -3.921520000 
H      2.570420000     -2.950143000     -4.347723000 
C     -6.281697000     -1.544636000     -1.747569000 
H     -5.780381000     -1.830713000     -2.675935000 
C      3.794091000     -4.245621000      0.358687000 
H       4.824546000     -4.448593000      0.660440000 
C    1.920704000      0.284272000     3.153503000 
H    1.810686000      1.074902000     2.412366000 
C      1.871304000     -4.746056000     -1.019591000 
H      1.390527000     -5.340915000     -1.799993000 
C      1.233006000      3.581415000     -4.111126000 
H      1.465329000      3.107433000     -5.068007000 
C      0.437006000     -2.680327000     -4.472251000 
H      0.318340000     -3.344426000     -5.331253000 
C     -3.662979000      3.159602000     -0.684223000 
H     -4.304228000      3.878260000     -1.199426000 
C     -4.255794000      2.127168000      0.054536000 
H     -5.341308000      2.040509000      0.081775000 
C      3.186814000     -5.022530000     -0.632650000 
H        3.738730000     -5.838094000     -1.106271000 
C      2.174327000     -1.738897000      5.066562000 
H      2.271485000     -2.530255000      5.814137000 
C     -1.641937000     -0.484083000     -2.177400000 
H     -1.747771000     -0.809276000     -1.132262000 
H     -2.580847000     -0.695893000     -2.705462000 
H     -1.483660000      0.603155000     -2.164164000 
C    4.267573000      0.900346000     0.528234000 
H    5.236378000      1.411131000     0.620184000 
H    4.037675000      0.439833000     1.502468000 
H    3.483803000      1.638525000     0.325018000 
C    4.261727000     -2.119591000     -2.466739000 

H    4.221688000     -2.912918000     -3.210336000 
C    2.806938000      4.438108000     2.210742000 
H    3.798193000      4.895045000     2.156753000 
C     -8.290175000     -1.345968000     -0.417571000 
H     -9.369331000     -1.476660000     -0.302460000 
C     -5.374099000     -0.042370000      1.668218000 
H     -5.779617000      0.948747000      1.923260000 
H     -5.522928000     -0.661007000      2.566535000 
C    2.079428000      4.473364000     3.405881000 
H    2.502065000      4.953895000     4.291648000 
C    0.806977000      3.896709000     3.458607000 
H    0.229942000      3.923421000     4.386165000 
C    2.494101000     -0.415453000      5.399034000 
H    2.842962000     -0.175333000      6.406649000 
C    5.453484000     -1.853194000     -1.795578000 
H    6.353409000     -2.428849000     -2.022731000 
C    2.362346000      0.595907000     4.443799000 
H    2.599477000      1.632237000     4.694876000 

[Cu(BnN-xantphos)(Me2bpy)]+ 

Triplet state (T1) 

Cu       1.152141111     -0.223263056     -0.764688642 
P      0.616744442     -1.347427095      1.295421672 
P      0.698548365      2.089424088     -0.471104279 
O     -1.267640925      0.753972803      1.247789899 
N      0.629905609     -1.713510858     -1.924826150 
N      3.034460570     -0.689771961     -1.404906857 
N    -3.999171333      0.745339805      1.234419706 
C     -1.126704090      2.366960621     -0.482998596 
C      1.323456954     -3.026359924      1.246391812 
C      1.263437141      2.976084911     -1.964029189 
C     -1.923370384     -0.415789911      1.550772979 
C     -1.913703903      1.594340671      0.367333150 
C      4.226389460     -0.110021771     -1.110272607 
C      0.764029287     -3.966954493      0.362038732 
H     -0.110602278     -3.712113842     -0.238029218 
C     -1.137212492     -1.548335588      1.742635715 
C      2.460006915     -3.371573465      1.996212161 
H      2.903128302     -2.655082287      2.688812045 
C      1.721275476     -2.483587054     -2.300257829 
C     -1.779683415      3.263662582     -1.350884210 
H      -1.205036610      3.882757630     -2.038294453 
C      1.309167051      4.379904309     -2.028786725 
H      1.039467104      4.980083386     -1.157741923 
C      1.606825549      2.219789020     -3.096906131 
H      1.585306027      1.127938660     -3.056305536 
C     -3.324098329     -0.423966758      1.617345593 
C      3.004926658     -1.970698409     -1.946570573 
C      1.700274018      5.013246924     -3.210091853 
H      1.735760645      6.104407237     -3.252777406 
C     -3.319003939      1.632159910      0.378842226 
C      0.740225307     -0.175682084      3.865360928 
H     -0.289785399     -0.508324490      4.007485236 
C      1.416491077     -0.464717110      2.670664441 
C     -0.631603739     -2.047581514     -2.303860997 
C        0.665236657      2.982608608     2.201220190 
H     -0.254583470      2.411348009      2.308012392 
C     -0.874926847     -3.209330367     -3.017475568 
H     -1.895702881     -3.457424536     -3.310693740 
C    1.336877418      3.033817090     0.967576787 
C      2.043631205      4.253877572     -4.334918951 
H      2.351422919      4.752872667     -5.257065342 
C     -6.228625775      0.152408869      0.236554401 
C     -1.766066626     -2.740837048      2.144464343 
H     -1.177980307     -3.641486142      2.322518199 
C     -7.630614220      0.206017699      0.264183804 
H     -8.135313317      0.726084103      1.083983611 
C     -3.935470563     -1.624440273      2.009816250 
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H     -5.020750658     -1.694554141      2.074631467 
C     -3.153593715     -2.754548030      2.293085890 
H     -3.652103555     -3.673699278      2.608224171 
C     -7.746327821     -1.062933469     -1.797660624 
H     -8.336178417     -1.534635718     -2.587555566 
C      5.428103895     -0.783596145     -1.279285470 
H      6.365039203     -0.282730937     -1.032505777 
C     -5.596897150     -0.514843954     -0.819752181 
H     -4.508601803     -0.567051523     -0.859452116 
C    2.538824692      3.757686587     0.873257292 
H      3.075628972      3.821016403     -0.072428490 
C      1.496334927     -3.689447064     -3.013985644 
H      2.344337765     -4.310856732     -3.301577603 
C     -6.350808039     -1.119446953     -1.831688838 
H     -5.840304926     -1.635905956     -2.648752269 
C      3.027998786     -4.641035818      1.859701894 
H      3.912668844     -4.901066110      2.445885291 
C      2.741952554     -0.029112686      2.496681545 
H      3.276669759     -0.264061564      1.574850543 
C      1.330244181     -5.235297636      0.238789117 
H      0.889292950     -5.954837933     -0.454544207 
C      1.994416663      2.857850309     -4.278071027 
H      2.263339249      2.260926730     -5.152566594 
C      0.215674125     -4.057239540     -3.359280678 
H      0.037974818     -4.983534151     -3.910237804 
C     -3.171672526      3.344267390     -1.335420593 
H     -3.676891804      4.040550877     -2.008168392 
C     -3.944399371      2.532932832     -0.493773704 
H     -5.031000821      2.592867976     -0.539880388 
C      2.466899978     -5.573616526      0.981859281 

H    2.915456544     -6.564397206      0.875621656 
C    1.389219398      0.538193900     4.875419006 
H    0.859457937      0.761689265     5.804534661 
C     -1.743911033     -1.117595891     -1.911867658 
H     -1.905718089     -1.140657965     -0.824720097 
H     -2.685051182     -1.405181500     -2.398471539 
H     -1.511304293     -0.077877428     -2.189910614 
C      4.206070641      1.307329748     -0.619552785 
H      5.218447044      1.661275772     -0.384855267 
H    3.593637935      1.412141769     0.285986436 
H    3.776364427      1.968713466     -1.386715331 
C    4.216032403     -2.692974024     -2.116272425 
H    4.184430467     -3.713937916     -2.496944546 
C    3.053701984      4.419772523     1.990411850 
H    3.986528230      4.981387279     1.898825555 
C     -8.385133133     -0.396870766     -0.744430149 
H     -9.476507233     -0.346777260     -0.709688605 
C     -5.443275407      0.819666454      1.356104544 
H     -5.723652564      1.881644229      1.428331947 
H     -5.722224315      0.376263016      2.324341744 
C    2.378642738      4.368007875     3.212845691 
H    2.783194512      4.885251119     4.086208819 
C        1.184287041      3.649240706     3.312081242 
H    0.652483486      3.595820262     4.264294955 
C    2.706426768      0.972984449     4.697341336 
H    3.204462465      1.543171877     5.484898373 
C    5.416800140     -2.111214019     -1.779479152 
H    6.351852635     -2.663431117     -1.899135653 
C    3.384015481      0.685770322     3.507885291 
H    4.411466028      1.026311757     3.361836075 
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