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Abstract 

A series of heteroleptic copper(I) complexes of the type [Cu(bpg)(P-P)]PF6 (1-4) have been 

synthesized where bpg = [4b,5,7,7a-tetrahydro-4b,7a-epiminomethanoimino-6H-imidazo[4,5-f] 

[1,10]-phenanthroline-6,13-dione] and P-P are phosphine derived ancillary ligands (triphenyl 

phosphine (PPh3), 1,2 bis(diphenylphosphino)ethane (dppe), bis[(2-diphenylphosphino)phenyl]ether 

(POP) and 1,3 bis(diphenylphosphino)propane (dppp)). All copper(I)-phosphine complexes were 

thoroughly characterized by elemental analyses, IR, 1H NMR, 13C NMR, 31P NMR and ESI-MS, UV-

visible, emission spectroscopy and DFT calculations. The crystal structure of 1 contains two Cu(I) 

molecules in asymmetric unit which localizes in distorted tetrahedral geometry with N2P2 coordination 

core. The UV-visible spectra indicated that ancillary phosphine ligands significantly affect the MLCT 

band of the copper(I) complexes. The bands in the UV-visible spectra fit well with the TD-DFT 

calculations and are assigned to the contribution of HOMO-2→LUMO, HOMO-1→LUMO and 

HOMO→LUMO orbitals. These Cu(I) complexes exhibit green emission in CH2Cl2 at room 

temperature with emission wavelengths at 545-572 nm. Cyclic voltammetric data revealed that steric 

hindrance of diphosphine ligands affected the oxidation potential of Cu(I) complexes. 
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1. Introduction 

In recent years, ruthenium and iridium polypyridine [1, 2] compounds have attracted great 

attention because they exhibit excellent optical, electronic properties; act as electron donors 

and as light harvesting units [3-5]. Due to these features they have played leading role in the 

photochemical molecular devices, including light emitting devices [6], light emitting 

electrochemical cells (LECs) [7] and as photosensitizers in photochemical reactions [8]. 

However, high cost and low natural abundances inhibit their use [9]. Accordingly, significant 

efforts have been dedicated for the development of more cost effective solutions to achieve 

higher quantum efficiencies. In this respect, copper(I) complexes have attracted more interest 

as copper has greater abundance, low toxicity and are successfully tested in OLEDs [10, 11]. 

Previously, the luminescence properties of Cu(I) complexes have been widely studied, in 

particular those of homoleptic complexes [Cu(N-N)2]
+. The improvement of emission 

properties were achieved by the development of mixed ligand copper(I) complexes of type 

[Cu(N-N)(P-P)]+ containing diimine (N-N) and phosphine ligands due to their highly rigid and 

strong metal-phosphine bonding [12-14]. The Cu(I) complexes improve the emission by 

diminishing the non-radiative deactivation. In heteroleptic complexes, the selection of the 

diimine (N,N) ligand is a key step in the modulation of the photophysical properties of the 

complexes, because the lowest unoccupied molecular orbital (LUMO) is mostly localized on 

the π* orbital of chelated diimine ligand, and the MLCT transition takes place in this part of the 

complex while highest-occupied molecular orbital (HOMO) predominantly resides on central 

copper atom mixed with contributions from diphosphine ligand [15]. Therefore, it is believed 

that the maximum emission wavelength in these complexes can be adjusted by modifying 

electronic structure of diimine (N-N) ligands. One of the commonly used strategies is using 

chelating diphosphine ligands instead of monophosphine ligands to effectively suppress the 

decomplexation of Cu(I)-diimine-phosphine complexes in solution and improve the stability of 

such systems [16, 17]. In general, the electronic structure of diimine ligands and steric effect of 

diphosphine ligands are the two main factors that influence the luminescence properties. 

Adopting the bulky, rigid diphosphine ligands and strengthening the conjugate degree of the N-
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N donor ligands improves the light-harvesting ability and light emission efficiency of Cu(I) 

complexes [18,19].  

BPG, a bipyridine glycoluril tecton (Fig. 1), containing a urea fused bipyridine ligand with 4 inherent 

proton donor (N-H) and 2 proton acceptor (C=O) is a classical chelating ligand for transition metal 

ions because of their special importance for organic, inorganic and supramolecular networks because 

they can serve as versatile building blocks for the construction of complex systems with a variety of 

applications as illustrated previously [20, 21]. Our group has explored H-bonding networks resulting in 

diverse framework encapsulating water/solvent molecules [22, 23]. This has motivated us to examine 

the effect of coordination abilities of bipyridine glycoluril on the structural and photophysical 

properties of copper(I)  complexes.   

Herein, we report a series of heteroleptic copper(I) complexes of the type [Cu(bpg)(P-P)]PF6, 

possessing urea fused bipyridine ligand (bpg = bipyridine glycoluril) where bpg is a versatile ligand 

with 4 inherent proton donor (N-H) and 2 proton acceptor (C=O) with various ancillary phosphine (P-

P) ligands  (Fig. 1). These Cu(I) complexes are characterized using spectral, electrochemical 

techniques, X-ray structure characterization of one representative complex and detailed photophysical 

studies have been performed to evaluate the effects of varying the steric hindrance of phosphine 

ligands and coordination abilities of bipyridine glycoluril (bpg). The TD-DFT calculations were also 

carried out on all complexes for understanding the correlation of electronic with optical properties 
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Fig. 1. Cu(I) complexes used in present study and their structural activity relationship. 

 

2. Experimental Section 

2.1. Materials  

The reagents and solvents used in synthesis of copper(I) complexes were obtained from 

commercial sources and purified by standard procedure. 1,10-phenanthroline monohydrate was 

obtained from S.D Fine Chemicals (India). Triphenylphosphine, 1, 2-bis (diphenylphosphino) 

ethane, bis[(2-diphenylphosphino)phenyl]ether and 1, 3 bis(diphenylphosphino)propane 

ligands were purchased from Sigma Aldrich.  

 2.2. Physical measurements 

1H NMR spectra were recorded on Bruker Avance III HD (500 MHz) spectrometer with DMSO-d6 as a 

solvent at room temperature, and all chemical shifts are given relative to TMS. 13C NMR spectra were 

recorded on Bruker Avance III HD (500 MHz) spectrometer in DMSO-d6.
31PNMR spectra were 

recorded on Bruker Avance III HD (500 MHz) spectrometer relative to H3PO4 in DMSO-d6. Elemental 

analyses (C, H and N) were performed on a Thermo Finnigan FLASH EA-1112 CHNS analyzer. The 

infrared spectra of solid samples dispersed in KBr were recorded on a Shimadzu FTIR-8400 
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spectrophotometer. Electrospray mass spectra were recorded on a Bruker IMPACT HD mass 

spectrometer using acetonitrile as solvent at Central Instrumentation Facility (CIF), Savitribai Phule 

Pune University, Pune. Powder X-ray diffraction data were recorded on a Rigaku diffractometer using 

Cu Kα radiation (λ = 154.06 pm) with a scan speed of 5° min−1 and a step size of 0.02° in 2θ. 

2.3. Electrochemical measurements  

Electrochemical experiments of the copper(I) complexes were performed on Metrohm Autolab 

Potentiostat with a conventional three-electrode cell assembly with a saturated Ag/AgCl 

reference electrode, glassy carbon as working electrode, and a platinum wire as the auxiliary 

electrode for all measurements in deoxygenated dichloromethane containing (0.1M) 

tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. 

2.4. X-ray single crystal structure of 1  

Yellow crystals of complex 1 suitable for X-ray diffraction analysis were grown by slow diffusion of 

diethyl ether into CH2Cl2 solution of complex (1) at room temperature. The diffraction data for 1 was 

collected on a Bruker D8 Venture PHOTON 100 CMOS diffractometer at 100.15 K using graphite 

monochromatized Cu-Kα radiation (λ = 1.54178 Å) keeping the exposure time per frame of 15 s. Unit 

cell parameters and orientation matrix were calculated from a total of 60 frames. Data collection 

strategy involved φ and ω scans with 0.5° steps in φ/ω. Data integration and absorption correction 

were carried out by Bruker SAINT and SADABS respectively that are integrated in the APEX II 

package [24]. The data were corrected for Lorentz and polarization effects and solved by the Direct 

Methods using SHELXS-97 and SHELXL-2014 [25, 26]. The final refinement of the structure was 

performed by full-matrix least squares techniques with anisotropic thermal data for nonhydrogen 

atoms on F2. The disordered diethyl-ether and water molecules in the asymmetric unit have been 

squeezed using the SQUEEZE routine included in PLATON. The high variation in ADP max/min 

ratio of C03F, C03O, and C03T are caused due to thermal motion.  The non-hydrogen atoms were 

refined anisotropically. Crystallographic data and details of refinement are given in Table S1. CCDC 

2048756 contains the supplementary crystallographic data for complex 1.  

2.5. Theoretical calculations  



6 

The DFT calculations were performed using the Gaussian 09 program package [27]. The 

structures of the four Cu(I)-phosphine complexes were fully optimized in the ground state (S0) 

using the DFT method. The geometry optimization were performed with the B3LYP 

functional, and 6-31G* basis set for all non-metal elements [28, 29]. The copper was 

represented using the LANL2DZ [30] basis that includes relativistic effective core potential. To 

obtain estimates of the vertical electron excitation energy, which include some account of the 

electron correlation, time-dependent density functional theory (TD-DFT) was performed on the 

calculated S0 geometries using same B3LYP method and LANL2DZ basis sets. The excitation 

energies, oscillator strength parameters and corresponding major orbital contributions for the 

electronic transitions are included in Table 2 for the four complexes. 

2.6. UV-visible and fluorescence spectroscopy 

UV-visible spectra of complexes 1-4 were recorded on Shimadzu UV-1800 spectrophotometer 

in dichloromethane in the range λ = 200-750 nm. Emission spectra and emission quantum 

yields of complexes 1-4 were performed on a Jasco FP-8300 spectrofluorometer with a quartz 

cell. Emission quantum yield (ϕ), were measured with the use of [Ru(bpy)3]Cl2 in CH3CN as a 

standard (ϕ = 0.062) [31]. The emission quantum yields (ϕ) were calculated by integrating the 

area under the luminescence curves and using Equation (1) [32]. 

ΦSample = [ODStandard x ASample]/ [ODSamplex AStandard] x ϕStandard……………. (1) 

in which OD is the optical density of the compound at the specific excitation wavelength and A is the 

area under the emission spectral curve.  

2.7. Excited state lifetime measurements 

Time resolved fluorescence data were collected using time-correlated single photon counting (TCSPC) 

on an Edinburgh Instruments FS5 spectrofluorometer using the 5 W microsecond Xe flash lamp. 

Fluorescence decays were measured by using a 400 nm, ps pulse laser diode as a light source. 

Observed fluorescence decays were analyzed using the Fluoracle software using an appropriate 

exponential function for the observed decays. 

3. Synthesis 
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3.1. Synthesis of ligands and precursor complex 

The ligands 1,10-phenanthroline-5,6-dione (phendione) and [4b,5,7,7a-tetrahydro-4b,7aepimi 

nomethanoimino-6H-imidazo[4,5-f][1,10]-phenanthroline-6,13-dione] (bpg) were synthesized 

according to literature procedure [33] and the NMR spectroscopic data matched with those 

reported earlier [34]. The precursor complex [Cu(CH3CN)4]PF6 was prepared by following the 

literature route [35].  

3.2. Synthesis of Copper(I) complexes 

All reactions were carried out under inert N2 atmosphere by using standard Schlenk techniques. 

3.2.1. [Cu(bpg)(PPh3)2]PF6 (1)  

To a Schlenk flask flushed with nitrogen, tetrakis(acetonitrile)copper(I) hexaflurophosphate 

([Cu(CH3CN)4]PF6) (0.372 g, 1 mmol) and triphenylphosphine (0.524 g, 2 mmol) in 10 ml dry 

CH2Cl2 was stirred for 1 h at room temperature. The bipyridine glycoluril (bpg) (1 mmol, 0.294 

g) dissolved in methanol was added drop wise to the reaction mixture. After complete addition 

of bpg, the colourless solution immediately turned yellow and resulting solution was allowed 

to reflux for 4h under nitrogen stream. The reaction mixture was evaporated in vacuo to give a 

yellow solid which was washed with hexane and dried under vacuum. Meanwhile, the 

diffusion of diethyl ether into the CH2Cl2 solution of crude product gave yellow crystals. 

Yield: 0.67 g (73 %); Yellow solid: Elemental analyses (C, H and N, wt %) Anal. Calc. for 

C50H40O2N6P3F6Cu: C, 58.45; H, 3.92; N, 8.18; Found: C, 58.51; H, 3.98; N, 8.26;1H NMR (500 MHz, 

DMSO-d6): δ 8.55 (s, 4H), 8.47-8.46 (d, 2H), 8.19-8.17 (d, 2H), 7.60-7.65 (dd, 4H), 7.57-7.55 (t, 2H), 

δ 7.42-7.07 (m, Ar-H, 26H); 13C NMR (500 MHz, DMSO-d6) 159.52, 150.31, 142.86 , 137.47, 133.52,  

133.17,  132.53 , 132.00,  131.92,  130.82 ,  129.47 , 129.28 ,  129.19 , 127.73 , 74.20 ;  31P NMR (500 

MHz, DMSO-d6) 2.36 (s, PPh3), -144.11 (septate, PF6); IR (KBr, cm-1): 3216, υ(H-N); 1692, 

υ(C=O);14763 1435, 692, 509, υ(PPh3); 838, 553, υ(P-F); 423 υ(Cu-N);  ESI-MS: m/z 881.19 [M-

PF6‾]
+, 619.10 [Cu(PPh3)(bpg)]+, 587.11 [Cu(PPh3)2]

+. 

3.2.2. [Cu(bpg)(dppe)]PF6 (2) 
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This complex was prepared by employing the same procedure for 1 using 1,2 bis(diphenyl 

phosphino)ethane (1 mmol, 0.398 g) instead of triphenylphosphine.   

Yield: 0.82 g (77%); Yellow solid: Elemental analyses (C, H and N, wt %) Anal.Calc. For 

C40H34O2N6P3F6Cu: C, 52.31; H, 3.80; N, 9.33; Found: C, 52.40; H, 3.88; N, 9.40; 1H NMR (500 

MHz, DMSO-d6): δ 8.58 (s, 4H), 8.50-8.49 (d, 2H), 8.35-8.33 (d, 2H), 7.84-7.81 (dd, 2H), 7.46-7.20 

(m, Ar-H, 20H); 2.73 (m, 4H, -CH2); 
13C NMR (500 MHz, DMSO-d6) 159.62, 150.78, 143.48 , 

137.40, 133.55, 132.79, 132.74,  132.61,  130.87,  130.65,  129.64, 129.37,  127.65, 74.49,  24.89 ;  31P 

NMR: (500 MHz, DMSO-d6) - 4.07 (s, dppe), -144.24 (septate, PF6); IR (KBr) (cm-1): 3211, υ(H-N); 

1694, υ(C=O); 1440, 1387, 1105, 693, υ(dppe); 488 υ(Cu-N); 838, 554, υ(P-F); ESI-MS: m/z 755.15 

[M-PF6‾]
+, 461.06 [Cu(dppe)]+ 

3.2.3. [Cu(bpg)(POP)]PF6 (3)  

This complex was isolated by the same procedure for 1 using bis[(2-diphenylphosphino) 

phenyl]ether (1 mmol, 0.538 g) instead of triphenylphosphine.  

Yield: 0.97 g (80%); Yellow solid: Elemental analyses (C, H and N, wt %) Anal.Calc. For 

C50H38F6N6P3O3Cu: C, 57.67; H, 3.68; N, 8.07; Found: C, 57.75; H, 3.72; N, 8.12; 1H NMR (500 

MHz, DMSO-d6): δ 8.51 (s, 4H), 8.47-8.46 (d, 2H), 8.19-8.17 (d, 2H), 7.38-6.68 (m, Ar-H, 29H); 13C 

NMR (500 MHz, DMSO-d6) 159.63, 158.32,  158.30,  158.25,  149.78, 142.97,  137.19,  134.30, 

133.39,  133.12, 133.06,  132.99,  132.86,  130.94,  130.80,  130.67, 129.43,  129.39,  129.36, 125.69, 

123.52, 123.40, 121.04, 74.24 ;31P NMR (500 MHz, DMSO-d6) -11.46 (s, POP),-143.88 (septate, PF6); 

IR (KBr) (cm-1) : 3202, υ(H-N); 1690, υ(C=O); 1577, 1435, 1265, 695 υ(POP); 839, 554, υ(P-F), 477, 

υ(Cu-N); ESI-MS: m/z 895.17 [M-PF6‾]
+, 601.09[Cu(POP)]+ 

3.2.4. [Cu(bpg)(dppp)]PF6 (4)  

[Cu(bpg)(dppp)]PF6 was prepared according to procedure for 1 using 1,3 bis(diphenylphos 

phino)propane (1 mmol, 0.412 g) in place of triphenylphosphine.   

Yield: 0.93 g (86%); Yellow solid; Elemental analyses (C, H and N, wt %) Anal.Calc. For 

C41H36O2N6P3F6Cu: C, 53.81; H, 3.96; N, 9.18; Found: C, 53.90; H, 4.02; N, 9.25; 1H NMR (500 

MHz, DMSO-d6): δ 8.79-8.80 (d, 2H), 8.56 (s, 4H), 8.29-8.31 (d, 2H), 7.80-7.83 (dd, 2H),  7.26-7.41 

(m, Ar-H, 20H); 2.79 (m, 4H), 2.38 (m, 2H, -CH2); 
13C NMR (500 MHz, DMSO-d6) 159.51, 150.66, 
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143.31, 137.40, 133.91,  133.78,  133.66, 133.44, 132.76,  132.34 ,  132.28,  132.21,  130.58 ,  129.39 , 

129.35, 129.32, 129.19, 127.68, 121.04, 74.33, 27.09, 27.02, 26.95; 31P NMR (500 MHz, DMSO-d6)    

-12.52 (s, dppp), -144.18 (septate, PF6); IR (KBr) (cm-1): 3231, υ(H-N); 1702, υ(C=O); 3068, 2857, 

1440, 694 υ(dppp) 839, 556, υ(P-F); 484, υ(Cu-N); ESI-MS: m/z 769.17 [M-PF6‾]
+, 475.08 

[Cu(dppp)]+. 

4. Results and discussion 

4.1. Synthesis and structural characterization of [Cu(bpg)(P-P)]PF6 

The heteroleptic copper(I) complexes 1-4 were prepared in a two-step reaction via addition of 

stoichiometric quantities of phosphine and [Cu(CH3CN)4]PF6 in freshly distilled CH2Cl2 under 

N2 atmosphere leading to ionic complexes [Cu(CH3CN)2(P-P)]PF6 at room temperature, 

followed by the addition of bipyridine glycoluril (bpg) in methanol and reaction mixture was 

stirred for 4 h which afforded the copper(I) complexes in high yields (Scheme 1). The 

synthesized copper(I) complexes (1-4) are soluble in common organic solvents. All copper(I) 

complexes characterized by elemental analysis, IR, 1H, 13C, 31P NMR, electrospray mass 

spectroscopy, UV-visible, emission and  X-ray diffraction analyses, confirmed the formation of 

the desired heteroleptic copper(I) complexes.  
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Scheme 1. Synthetic route of copper(I) complexes (1–4). 

 

4.2. Single crystal X-ray structure of 1  

The yellow crystals of [Cu(bpg)(PPh3)2]PF6 (1) suitable for X-ray analysis were obtained by 

slow diffusion of diethyl ether into saturated solution of Cu(I) complex in dichloromethane. 

Two molecules of complex 1 are found in the asymmetric unit, two PF6 anions and one lattice 

water molecule along with one solvent molecule (CH3OH). Crystallographic details of the data 
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collection and refinement are summarized in Table S1 and geometrical parameters including 

selected bond lengths and bond angles are listed in Table S2.  

In each Cu(I) complex a monodentate triphenylphosphine as well as one bpg ligand chelated 

the Cu (I) ion forming [CuN2P2]
+ unit along with two hexafluorophosphate (PF6

-) anions (Fig. 

2). The geometrical parameters suggest that, each copper(I) centre in the asymmetric unit 

localizes in a highly distorted tetrahedral geometry, in which the intra ligand bond angles 

around the two molecules of the asymmetric unit (Cu(1) and Cu(2) centre) N(1)-Cu(1)-N(2), 

N(2)-Cu(1)-P(2), N(1)-Cu(1)-P(2), N(7)-Cu(2)-P(4), N(8)-Cu(2)-P(4), N(7)-Cu(2)-N(8) are 

much less than 109.41, being 80.02(17), 97.85(13), 101.02(14), 104.13(14), 106.53(12) and 

79.65(16), respectively. However, the N(2)-Cu(1)-P(1), N(1)-Cu(1)-P(1), P(1)-Cu(1)-P(2); 

119.65(14), 125.39(13), 122.71(5) angles in Cu(1) and  N(7)-Cu(2)-P(3), N(8)-Cu(2)-P(3), 

P(3)-Cu(2)-P(4); 118.37(14), 114.20 (12), 124.54(5) angles in Cu(2) are larger than those 

observed in tetrahedral complexes (Table S2). The significant deviation from the ideal 

tetrahedral geometry is mainly caused by the rigid structure and steric hindrance of the bulky 

phosphine ligand (PPh3) around the Cu(I) centre and very similar observation was reported for 

analogus copper(I) complexes [36]. The average Cu-N and Cu-P bond lengths in the first and 

second molecule of the asymmetric unit is 2.064(4)-2.104(4) and 2.2219(14)-2.2673(14) in 

Cu(1) and 2.052(4)-2.117(4) and 2.2264(13)-2.2440(15), in Cu(2), respectively comparable to 

those of the previously reported copper(I)-phosphine  complexes [37]. 
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Fig. 2. Cu (I) molecules in asymmetric unit of 1. 

 

The powder X-ray pattern of all the Cu(I) complexes (1-4) were recorded and complex 1 is compared 

with the simulated one obtained from single-crystal structure (1), confirming the similar native 

structure which is in good agreement with the simulated PXRD pattern (Fig. S21, S22 SI). 

4.3. IR spectra  

In the IR spectra of bipyridine glycoluril (bpg) ligand and its complexes 1-4, the band observed 

at 3209 cm-1 is ascribed to N-H stretching vibrations. The bpg ligand exhibits a broad strong 

band at 1695 cm-1 due to the stretching vibration of C=O group which is unchanged and 

unshifted in 1-4, suggesting that C=O group is not involved in coordination with Cu(I). The 

stretching frequency of C=N group of bpg moiety appeared at 1581 cm-1, on complexation 

which shifts to lower frequency region at 1577-1585 cm-1 indicating coordination of bipyridine 

glycoluril (bpg) through phenanthroline nitrogen. It is also supported by the shift of the lower 

wavenumber of the weak Cu–N absorptions in the expected regions [38]. The presence of PPh3 

ligand can be easily identified from the appearance of strong bands at 1469, 1436, 691 and 508 
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cm-1 in complex 1, whereas bands observed at 1440, 1387, 1105 and 693 cm-1 in 2 are due to 

the presence of dppe ligand. The bands corresponding to POP ligand in 3 are observed at 1577, 

1436, 1267, 693 cm-1 [39-41] (Fig. S1-S4). The bands related to dppp ligands in 4 are observed 

at 3068, 2857, 1440, 694 cm-1. Existence of PF6 ion is confirmed by intense and medium bands 

occurring in the range 838-839cm-1and 553-555 cm-1 [42]. 

4.4. 1H, 13C and 31PNMR spectra 

All 1H-NMR resonances could be assigned on the basis of chemical shift variation of each 

signal with respect to those of the free ligand as a parameter to deduce the coordination mode 

of the ligands to copper(I). The 1H-NMR spectra of 1-4 displayed the same pattern as the 

signals from the free ligand, even though the overall downfield chemical shifts compared to the 

free ligands because of the decrease of the electron density caused by coordination [43] (Fig. 

S5-S8). In complexes 1-4, the resonances of phenyl protons of the coordinated phosphine 

ligands (PPh3, dppe, POP, and dppp) overlap to some extent with phenyl protons of bpg which 

exhibits broad multiplet in the range δ 6.78-8.57 ppm. In complex 2 remarkable broad singlet δ 

2.73 ppm can be attributed to ethylene (CH2) protons of the dppe ligand [44]. In addition to 

these signals, complex 4 exhibits a broad multiplet at δ 2.79 and 2.38 ppm attributable to the 

methylene protons of dppp ligand [45].  

The 13C NMR spectra agree well with the corresponding Cu(I) structures and the signals from 

free ligands. The Cu(I) complexes 1-4 are in the range of 121.05-159.63 ppm which are 

comparable to those reported before [46] (Fig. S9-S12).  

The 31P-NMR spectra of copper(I) complexes were recorded at room temperature which shows 

septet in the range δ −143.88 to -144.24 ppm confirming the presence of [PF6]
−counter ion in 

all copper(I) complexes (Fig. S13-S16) [47]. Complex 1 has signal at 2.36 ppm, which is in 

agreement with the values observed in copper(I) PPh3 complexes [48]. The dppe complex 2 

exhibits broad singlet peak at - 4.07, which is comparable to those of previously reported Cu(I) 

dppe complexes [49]. The complex 3 shows a single resonance at δ -11.46 ppm which suggests 

that the two phosphorous atoms of the POP moiety are equivalent [50]. However, complex 4, 
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the chemical shift appears at -12.52 ppm, suggesting that the phosphorus of dppp ligand is 

symmetrically coordinated to the Cu(I) centre [51]. 

4.5. ESI-MS spectra 

The mass spectra of four complexes [Cu(bpg)(PPh3)2]PF6 (1), [Cu(bpg)(dppe)]PF6 (2), 

[Cu(bpg)(POP)]PF6 (3) and [Cu(bpg)(dppp)]PF6 (4) were collected in positive ion mode (Fig. 

S17-S20). The base peak (most dominant peak) at 587 m/z in 1, 461 in  2, 601 m/z in 3, 475 

m/z in 4 was consistent with the [Cu(P-P)]+ complex. In 1, the second peak at 619 m/z ratio 

was consistent with the [Cu(bpg)(PPh3)]
+. All complexes exhibit the molecular cationic 

fragment peak [M-PF6] at 881 (m/z) for 1, 755 for 2, 895 m/z for 3, and 769 m/z for 4. This 

further confirms the formation of neutral copper(I) complexes [52]. The positions of different 

peaks and overall fragmentation patterns in the ESI-MS of the respective copper(I) complexes 

are consistent with their formulations. 

4.6. Absorption spectra  

The UV-vis absorption spectra of 1-4 in CH2Cl2 (25M) at ambient temperature are depicted in Fig. 3 

and corresponding photophysical data are summarized in Table 1. Each Cu(I) complex exhibited two 

distinct peaks at lower wavelength at 228-300 nm with the intense absorption profile of high energies 

(ε = 48105-33591 M-1 cm-1) which is assigned to the π-π* and n-π* transitions involving both the bpg 

and phosphine ligands, respectively. However, these profiles also display an extended absorption with 

moderate intensity bands (ε = 4532-8386 M-1 cm-1) at 396-428 nm, are attributed to metal to ligand 

charge transfer (MLCT) transitions mainly involving the 3d orbitals of the Cu(I) and π* orbital of  N-N 

of bipyridine glycoluril ligand [53]. A small bathochromic shift in the MLCT absorption band is 

observed for dppe substituted complex (2) (428  nm) as compared to 1, 3 and 4. Interestingly, the 

MLCT absorption band of 4 (396 nm) is slightly blue-shifted than 2 (428 nm), as the number of carbon 

atoms increases between the two phosphines. Here, the sequence of the MLCT absorption energy is 

exactly opposite to the electron donating ability of the diphosphine ligand (dppe < dppp). Particularly, 

wider P-Cu-P bite angles should increase the MLCT absorption energy as a consequence of the 

variation in the d-σ* interactions [54]. However, MLCT band of complex 3 containing a POP ligand is 

observed at higher energy compared to 2 containing dppe ligand, due to the flattening distortion [55]. 
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It is observed that, change in phosphine ligand exhibited little effect on λmax of the MLCT band of 

complexes 1-4. The electron-donating capabilities of the ancillary phosphine ligands appear to increase 

in the order dppe> POP > PPh3 > dppp. 

 

 

Fig. 3. Absorption spectra of Cu(I) complexes 1–4 (25 μM) in CH2Cl2 at 25 ˚C. 

Table 1. Absorption, emission, excited state lifetime, electrochemical and HOMO-LUMO data 

of 1–4. 

 

  

1 

 

2 

 

3 

 

Absorption 

spectra(λmax) (nm) 

    

(ε, M−1 cm−1)CH2Cl2 234 (84284), 291 

(36270), 403 (7410) 

230 (97863), 300 

(33591), 428 (8386) 

228 (48105), 297 

(17362), 422(4141) 

230 (70171), 260 

(42653), 396 (4532) 

Emission spectra (λmax) 

(nm) 

    

CH2Cl2 545 572 563 550 

Solid 557 549 555 552 

Φem 0.024 0.021 0.026 0.018 

τ 1(τ2)/ns 4.7 (7.1) 4.0 (7.8) 4.0 (7.9) 2.9(6.2) 

kr/10-9 s−1 0.0050 0.0051 0.0064 0.0061 

knr/10-9 s−1 0.2054 0.2423 0.2413 0.3363 

Electrochemical data 

(V) 

    

Oxidation EM 1.15 1.10 1.34 1.26 

EL 1.56 1.62 1.75 1.70 
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1 

 

2 

 

3 

 

Reduction EL −1.43 −1.75 −1.69 −1.74 

Computational details 

(eV) 

    

HOMO −6.234 −5.978 −6.081 −6.019 

LUMO −2.617 −2.609 −2.582 −2.593 

Energy gap (ΔEH-L) 3.61 3.36 3.50 3.42 

 

Emission maxima. ϕem = emission quantum yield; error limit: λmax= ± 2 nm, λem= ± 2 nm, = ϕ ± 5; Supporting electrolyte: n-

Bu4NClO4 (0.1 M); complex: 1 mM; solvent: CH2Cl2; scan rate: 100 mVs−1; DFT method using B3LYP 6-31G(for C,H,N,O and 

P)/LANL2DZ (for Cu) basis sets in the Gaussian 09 program. 

 

The electronic absorption spectra of Cu(I) complexes 1–4, recorded on the as-synthesized powder 

samples, are shown in Fig. S23. According to previous literature on some Cu(I) complexes [56, 57], 

there are two different bands in the range of 200-500 nm, in which the highest energy region bands 

observed at 293 nm (1), 315 nm (2), 296 nm (3), 303 nm (4) mainly assigned as a ligand-centered π-π* 

transition of the diphosphine and diimine ligands. While, the other lowest energy region band observed 

at 391 nm (1), 413 nm (2), 410 nm (3) and 430 nm (4) should be derived from a charge-transfer 

mechanism and assigned as a metal-to-ligand charge transfer (MLCT) transition [58]. 

4.7 DFT Studies 

In order to determine the influence of the phosphine ligands on the electronic absorption 

spectra of the corresponding complexes, we studied the mononuclear Cu(I) complexes 

[Cu(bpg)(P-P)]PF6 (1-4) by DFT calculations. The highest occupied molecular orbitals 

(HOMO) are primarily located at the donor group of the phosphine ligands mixed with varying 

degrees with Cu-d character. However, the lowest unoccupied molecular orbitals (LUMO) are 

all delocalized over π* orbitals of the bipyridine glycoluril (bpg) ligand in all the complexes. 

On the basis of the different phosphine (P-P) ligands environment throughout the 1-4 series, 

HOMO of the complexes has significant participation of central CuI ions, as well as 

contributions from the P-P ligands. The LUMO are mostly located on the bipyridine unit and 

contributions from CuI ions are minimal. In this regard, the HOMO energies tend to increase as 
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–6.2341 (1), –5.9783 (2), –6.0817 (3) and –6.0192 eV (4) when the substitution of 

monophosphine ligand with a diphosphine ligand, suggesting that the electron donating effects 

are enhanced in this position. The number of carbon atom increases between the two phosphine 

atoms resulting decrease of the HOMO energy level upon increasing the P-Cu-P bite angles 

(dppe (av. 90.85 (5°) and dppp (av.103.10 (6°) [59]. As expected, the HOMO energy levels of 

the complex 4 is calculated to be – 6.0192 eV, which is lower than complex 2, – 5.9783 eV. 

Furthermore, the HOMO-LUMO energy differences (∆E(H-L)) of the complexes were computed 

to be 3.6164 (1), 3.3687 (2), 3.4993 (3) and 3.4260 eV (4), which are mainly influenced by the 

inductive effects on the HOMO level as mentioned above. The HOMO-LUMO energy gap is 

obtained in the order 1>3>4>2 which is consistent with previously reported CuI complexes 

[60]. The HOMO and LUMO energies of the complexes 1-4 and their HOMO-LUMO energy 

gaps (H-Lgap) are represented in Fig 4.  
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Fig. 4. Graphical representation of the optimized structure and frontier molecular orbitals 

HOMO − LUMO of the complex 1–4. 

 

To gain further insight into the low-energy transitions of complexes 1-4, the low-lying excited 

states were computed by means of time dependent DFT calculations (TD-DFT). The transition 

energies, monoexcitations, oscillator strength and nature of the low-lying excited states of 1-4 

are summarized in Table 2. In complex 1 the computed transition at 400 nm (f = 0.0126) could 
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be related to the intense experimental absorption band at lower energies, which results in 

electron promotion from HOMO-1→LUMO (0.69), and a small contribution from the 

HOMO→LUMO+1 (0.17) transition. The HOMO (and HOMO-1) is mainly composed of 3d 

orbital from the Cu(I) core. In addition, LUMO and LUMO+1 are delocalized in the pyridine 

moieties of the bipyridine glycoluril (N,N) ligand. Therefore, the excited state at 400 nm is 

mainly assigned to a metal-to ligand charge transfer (1MLCT) transition [Cu(d)/N,N(π*)] with 

some intra-ligand charge-transfer character (1ILCT) [N,N(π)→N,N(π*)] is expected to be 

observed with a low intensity due to the high degree of freedom and  rotational character of the 

PPh3 groups in ligand.  For complex 2, the experimental shoulder at λ ⁓ 425 nm appears to be 

composed of the S1, S2 and S3 with the calculated peaks at 354, 381, 451 nm, respectively. The 

first singlet excited state S1 of complex 2 appears at 451 nm (f = 0.1018), in good agreement 

with the experimental data; this HOMO→LUMO transition displays a mixed 1MLCT and 

1LLCT character [Cu(d) + dppe (π) / N,N(π*)], since the HOMO of complex 2 is localized 

mainly on the Cu(I) center and on the diphosphine (dppe) ligand. The two transitions at 381 

and 354 nm, originating from S2 and S3excited states (oscillator strength f = 0.0083 and 0.0302) 

with the mixing of some 1MLCT/1LLCT character. The complex 3 displays the band at lower 

energies at 430 nm (f = 0.0686) is due to a HOMO → LUMO transition with a mixed 

1MLCT/1LLCT character [Cu(d) + POP(π) / N,N(π*)]. This excited state involves an electron 

transition from the metal center and the P,P ligand  (POP) to the bipyridine glycoluril ligand. 

Table 2. Properties of the low-lying singlet excited states of complexes 1–4. 

 

Complex Excited 

States 

Absorption 

λmax[nm] (E 

[eV]) 

f Monoexcitations Electronic transitions 

1 S1 414.9 (2.988) 0.0621 H-2 → L (-0.19, 7 

%); H → L (0.67, 

90%) 

N,N(π) → N,N(π*); 1MLCT/1ILCT 

 S2 400.56 

(3.095) 

0.0126 H-1 → L (0.69, 95 

%) 

Cu(d) + N,N(π) → N,N(π*); MLCT/1ILCT 

 S3 390.44 

(3.175) 

0.0168 H-2 → L (0.67, 

91%); H → L (0.19, 

7 %) 

N,N(π) → N,N(π*); 1MLCT/1ILCT 

2 S1 451.78 

(2.744) 

0.1018 H → L (0.70, 97 %) Cu(d) + P,P(π) → N,N(π*); 1MLCT/1ILCT 

https://www.sciencedirect.com/topics/chemistry/excited-singlet-state
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Complex Excited 

States 

Absorption 

λmax[nm] (E 

[eV]) 

f Monoexcitations Electronic transitions 

 S2 381.44 

(3.250) 

0.0083 H-1 → L (0.69, 95 

%) 

Cu(d) + N,N(π) → N,N(π*); MLCT/1ILCT 

 S3 354.81 

(3.494) 

0.0302 H → L + 1(0.70, 98 

%) 

1MLCT/1ILCT 

3 S1 430.78 

(2.878) 

0.0686 H → L (0.69, 97 %) Cu(d) + P,P(π) → N,N(π*); 1MLCT/1ILCT 

 S2 406.46 

(3.050) 

0.0026 H-2 → L (0.68, 94 

%); H-3 → L (-0.11, 

3 %) 

1LLCT/1ILCT → N,N(π) + P,P(π) 

 S3 391.67 

(3.165) 

0.0135 H-1 → L (0.68, 94 

%) 

Cu(d) + N,N(π) → N,N(π*); MLCT/1ILCT 

4 S1 441.24 

(2.810) 

0.0962 H → L (0.70, 98 %) Cu(d) + P,P(π) → N,N(π*); 1MLCT/1ILCT 

 S2 390.44 

(3.175) 

0.0022 H-1 → L (0.68, 93 

%); H-2 → L (-0.17, 

6 %) 

Cu(d) + N,N(π) → N,N(π*);1MLCT/1ILCT 

 S3 356.35 

(3.479) 

0.0074 H-2 → L (0.64, 83 

%); H-1 → L (0.16, 

5 %) 

1LLCT/1ILCT → Cu(d) + N,N(π) → N,N(π*) 

f = Oscillater strength, CI: CI coefficient, % cont.: percentage of contribution to the excited state wave 

function, H: HOMO; L: LUMO. 

 

In addition, a S2 excited state of 1LLCT/1ILCT →N,N(π) +P,P(π) character is computed at 406 

nm (f = 0.0026) attributed to the HOMO-2 →LUMO (0.68) transition and a small contribution 

from the HOMO-3→LUMO (-0.11) which shows a smaller oscillator strength compared to the 

S1 state explaining the broad low-intensity experimental band between 400 and 450 nm. 

Finally, S3 excited state of Cu(d) +N,N(π) → N,N(π*); MLCT/1ILCT transition is found at 

higher energies for complex 3 causing the shoulder at 391 nm. 

In complex 4, the first excited state S1, calculated at 441 nm (f = 0.0962), mainly composed of 

HOMO→LUMO transition. A composition analysis of the HOMO and LUMO (see Table S4) 

clearly shows that this excitation could be assigned as Cu(d)+P,P(π)→ N,N(π*); 

1MLCT/1ILCT character, supporting the original assignment of the absorption bands in the 

experiment. Furthermore, we also found a considerably weaker transition between the S2 and 

S3 at 356 nm (f = 0.0074) and 390 nm (f = 0.0022) display the same 1MLCT/1ILCT character. 

From TD-DFT assignments it was revealed that all the transition in this region are largely due 

https://www.sciencedirect.com/topics/chemistry/lowest-unoccupied-molecular-orbital
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to the charge transfer mainly from phosphine ligands towards the pyridine ligand along with 

there is substantial contribution of MLCT from the copper centres to the N, N (π*) pyridine 

ligand. 

4.8. Emission spectra  

In degassed CH2Cl2 solution at room temperature, Cu(I) complexes 1-4 emitted moderate to 

intense emission with  bands at λmax = 545 (1), 572 (2), 563 (3) and 550 nm (4) (Fig. 5A). Thus 

emission observed in 1-4 can be attributed to intra-ligand charge transition (ILCT) with some 

metal to ligand charge transfer (MLCT) character. The emission quantum yield (ϕ) of all the 

complexes were determined with reference to [Ru(bpy)3]Cl2 in CH3CN (ϕ= 0.062) and are 

found to be 0.024, 0.021, 0.026 and 0.018, respectively. The emission data of all complexes in 

solution and solid state are provided in Table 1 and corresponding emission spectra are shown 

in Fig. 5. The [Cu(bpg)(dppe)]PF6 (2), [Cu(bpg)(POP)]PF6 (3) and [Cu(bpg)(dppp)]PF6 (4) 

exhibited blue-shift with respect to those in [Cu(bpg)(PPh3)2]PF6 (1), and such blue shift can be 

attributed to sterically crowded molecules due to the replacement of PPh3 by a stronger 

electron donating dppe, POP, dppp ligands which raise the HOMO level and lead to a decrease 

in the HOMO-LUMO energy gap [61].  

  

Fig. 5. Emission spectra of complexes 1–4 (25 μM) in A) solution state using CH2Cl2 and B) 

crystalline state at 25 ˚C. 
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The solid-state emission spectra of complexes 1-4 at room temperature are depicted in Fig 5B 

and relevant luminescence data are listed in Table 1. Complexes 1-4 are emissive in the solid 

state and exhibited a broad and unstructured emission profile, suggesting that the emissive 

excited states have the charge-transfer character which is characteristic of the family of 

[Cu(diimine)(diphosphine)]+ complexes. The complexes 1-4 display emission with maxima at 

557, 549, 555, and 552 nm, respectively. It is noted that the solid-state emission maxima of 1-4 

are blue-shifted by 10-20 nm, relative to those of their corresponding solution emissions, can 

be explained in terms of the rigidity of the environment in the solid state, which severely 

restricts the geometrical relaxation. Comparing with the emission of Cu(I) complexes with 1, 

2-bis(diphenylphosphino)ethane (2) and  PPh3 (1), the emission maxima is blue shifted by 8 nm 

in 2 relative to that of 1. The solid emission of complex 2 exhibits 3 nm (549 nm) red-shift 

whereas complex 3 exhibits 3 nm (555 nm) blue-shift as compared to the complex 4 (552), 

such an anomaly can be rationalized in terms of the electron-donating nature of the 

diphosphine (dppp > dppe), thus influencing the HOMO level localized at the Cu(I) center. 

4.9. Excited state lifetime measurement 

The luminescence decay lifetime of 1-4 were measured by time-correlated single photon 

counting (TCSPC) in dichloromethane solutions after excitation at 450 nm. The observed 

decays of the complexes are bi exponential, the emission lifetimes of complexes 1-4 are found 

to be 4.7 (7.1) for 1, 4.0 (7.8) for 2, 4.0 (7.9) for 3, and 2.9 (6.2) for 4 (Fig. 6). As shown in 

Table 1, all the complexes exhibit remarkably short decay lifetimes, which are similar to those 

observed for copper(I) complexes of N-[(2-pyridyl)methyliden]-6-coumarin [62]. It is noted 

that, various phosphine ligands appear to have no significant impact on the decay lifetime. 
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Fig. 6. Exponential decay profile of Cu(I) complexes A) 1, B) 2, C) 3 and D) 4. 

 

4.10. Electrochemical properties 

 The  cyclic voltammetry of complexes 1-4 (1mM) was performed in three-electrode cell in degassed 

dichloromethane using 0.1 M n-Bu4NPF6 (tetrabutylammonium perchlorate) as supporting electrolyte 

at a scan rate 0.1 V/s with Ag/AgCl reference electrode. The representative cyclic voltammogram of 

Cu(I) complexes 1-4 is illustrated in Fig. 7 and electrochemical data is summarized in Table 1. The 

Cu(I) complexes 1-4 displays two irreversible oxidation peaks; the first oxidative response observed at 

1.15 V (1), 1.10 V (2), 1.34 V (3), and 1.26 V (4); these peaks can be reasonably assigned to the 

Cu(I)/Cu(II) oxidation in accordance with the electrochemical response of similar Cu(I) complexes 
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[63]. The second oxidation peak at higher voltage is also observed in the range of 1.56-1.75 V should 

be an oxidation of phosphine ligand [64].  However, the  reduction peaks for all the complexes were 

observed at -1.43 V (1), -1.75 V (2), -1.69 V (3), and -1.74 V (4), which are attributed to the reduction 

of the N,N-chelated bipyridine glycoluril ligand. The electrochemical data reveals that, complex 3 

(1.34 V) and 4 (1.26 V) exhibit higher oxidation potential than complexes 1 and 2 (1.15 for 

[Cu(bpg)(PPh3)2]PF6 and 1.10 V for [Cu(bpg)(dppe)]PF6). This can be attributed to the greater steric 

hindrance of chelated diphosphine ligands which can provide a larger barrier in forming the flattened 

geometry resulting in a higher oxidation potential.  

 

Fig. 7. Cyclic voltammogram of Cu(I) complex A) 1, B) 2 C) 3 and D) 4 in CH2Cl2 using TBAP (0.1 

M) as supporting electrolyte with scan rate 100 mV/s. 
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5. Conclusion 

A series of heteroleptic mixed ligand copper(I) complexes of the type [Cu(bpg)(P-P)]PF6 

containing bipyridine glycoluril (bpg) and phosphine ligands were synthesized and 

characterized. The single crystal X-ray structure of [Cu(bpg)(PPh3)2]PF6 (1) contains two Cu(I) 

molecules in asymmetric unit which confirm the distorted tetrahedral environment around the 

copper(I) centre. The effects of incorporating phosphine ligands on structural, electrochemical 

and photophysical properties of the complexes have been studied. The ancillary phosphine 

ligands significantly alter the metal to ligand charge transfer (MLCT) state of the copper(I) 

complexes. The DFT calculation revealed the charge density of HOMO in complexes are 

accumulated on phosphine group and Cu(I), whereas in bpg in LUMO with energy gap 3.5 

eV. TD-DFT calculations revealed that charge transfer absorption bands have been assigned as 

the mixture of phosphine ligands to the pyridine ligand and MLCT from the copper centres to 

the N, N (π*) pyridine ligand. Cyclic voltammetric data revealed that, the oxidation potential of 

Cu(I) complexes affected by the steric hindrance of diphosphine ligands.  
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Monkowius, T. Hofbeck, H. Yersin, S. Bräse, Inorg. Chem. 52 (2013) 2292-2305 
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