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Abstract

:

The capture and storage of solar energy is a promising option to overcome current energy issues. To put such systems into practice, molecular photosensitizers should be based on abundant metals and possess a strong absorption capability for visible light. Therefore, a systematic series of four novel heteroleptic Cu(I) complexes of the type [(P^P)Cu(N^N)]+ (with P^P = xantphos and N^N = different diimine ligands) has been prepared. As an essential feature, these copper photosensitizers contain an imidazole moiety at the backbone of the diimine ligand, which increases the aromatic π-system compared to phenanthroline type ligands. Moreover, 2-(4-bromophenyl)-1-phenyl-1H-imidazo-[4,5-f][1,10]phenanthroline was used as a starting point and modular platform for gradually extended diimine ligands. Suzuki cross-coupling was applied to introduce different kind of substituents in the back of this ligand. Afterwards, a combination of NMR spectroscopy, mass spectrometry, X-ray analysis, cyclic voltammetry, UV/vis and emission spectroscopy was used to investigate the structural, electrochemical and photophysical properties of these compounds. As a result, a reversible reduction, strongly increased extinction coefficients and significantly redshifted absorption maxima (>20 nm) were found compared to traditional Cu(I) photosensitizers without an imidazo moiety. Moreover, these compounds show a bright emission in the solid state.
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1. Introduction


The increased use of solar energy represents a promising option that might contribute to solving current energy challenges [1,2,3,4,5,6]. At present about 85% of global energy currently originates from fossil fuels, such as oil, gas and coal or nuclear power [2,4,5]. Beside their limitations, the burning of carbon-based fuels releases large amounts of carbon dioxide, which is a major reason for global warming. In contrast, the sun provides almost unlimited energy (approx. 3 × 1024 J per year), exceeding the world energy demand by a factor of more than 10,000 [2,5,7]. Hence, there is great potential in converting the sun’s energy into electricity or energy rich materials, the so-called solar fuels (e.g., hydrogen, formic acid or methanol) [3,6,8].



The capture and storage of sun light requires the design of efficient and inexpensive photosensitizers for light harvesting. Moreover, an ideal photosensitizer should possess a strong absorption capability in a broad range of the visible region, long-lived excited states, a reversible electrochemical behavior and high stability under ambient conditions [9,10,11,12]. In this respect, copper compounds are an attractive alternative to more traditional complexes based on precious metals like Ru(II), Re(I) or Ir(III) [9,12,13,14]. So far, homoleptic Cu(I) photosensitizers (CuPS) of the type [Cu(N^N)2]+ (with N^N = diimine ligand) are already being used in a wide range of applications such as organic light-emitting diodes (OLEDs), light-emitting electrochemical cells (LECs) or dye-sensitized solar cells (DSSCs) [13,15,16,17,18].



Due to its d10 configuration, the ground state geometry of Cu(I) complexes favors a (distorted) tetrahedral arrangement of the ligands around the copper center in order to minimize electrostatic repulsion [14,19]. Upon light excitation, a metal-to-ligand charge transfer (MLCT) transition from the 3d orbital of Cu(I) to the π*-orbital of the surrounding diimine ligand takes place [14,19]. This is followed by a geometrical reorganization to a more square planar structure, corresponding to the d9 configuration of the Cu(II) center [20,21]. Unfortunately, in this flattened state, geometry copper bisdiimine complexes are prone to exciplex quenching, causing short excited state lifetimes and limiting their applicability in solar-energy conversion schemes [9,14,15,22].



In this context, heteroleptic Cu(I) complexes of the general scheme [(P^P)Cu(N^N)]+, containing a diimine N^N and a bulky P^P diphosphine ligand, are of particular interest. These heteroleptic CuPS are often characterized by long-lived triplet excited states, high quantum yields and largely tunable redox properties [12,14,15,23,24]. It was found that bulky and rigid diphosphines such as xantphos (xant) efficiently protect the copper center against nucleophilic attack and prevent undesired exciplex quenching [14,25,26]. As a major drawback these heteroleptic diimine–diphosphine Cu(I) complexes often suffer from a limited absorption capability in the visible region and lower MLCT extinction coefficients compared to advanced Ru(II) or Ir(III) photosensitizers [12,14,27].



Nevertheless, the inherent structural variety of the underlying diimine ligands allows us to adjust the photophysical and electrochemical properties in a broad range. One option to increase the extinction coefficients and to redshift the absorption is to extend the π-system of the diimine ligand [27,28,29]. For this reason, in previous works different dipyrido[3,2-f:2′,3′-h]-quinoxaline, dipyrido[3,2-a:2′,3′-c]-phenazine or naphto[2,3-f][4,5]phenanthroline type ligands were employed (Scheme 1) [30,31,32,33,34]. There, either pyrazine or benzene rings were fused onto the 1,10-phenanthroline (phen) moiety in order to extend the aromatic π-system (Scheme 1). However, to the best of our knowledge heteroleptic Cu(I) complexes of the type [(xant)Cu(N^N)]+ containing imidazo-phenanthroline ligands have not been reported so far. The addition of an imidazole unit represents an interesting option, as this 5-membered heteroaromatic compound is known to be π-electron rich.



Therefore, the present study deals with the synthesis and characterization of a systematic series of imidazo-phenanthroline ligands and their respective Cu(I) complexes. Starting from the 2-(4-bromophenyl)-1-phenyl-1H-imidazo-[4,5-f][1,10]phenanthroline ligand (L2) two novel ligands were prepared by Suzuki cross-coupling reactions (Figure 1). Subsequently, all compounds were completely analyzed by mass spectrometry (MS), NMR, UV/vis and emission spectroscopy as well as cyclic voltammetry. Moreover, the two solid-state structures of the heteroleptic Cu(I) complexes C1 and C2 with the general formula [(xant)Cu(N^N)](PF6) (N^N = L1 or L2) are also reported. Finally, this elucidation of structural and spectroscopic features allowed for the identification of structure-property relationships, which are useful for the future design of such heteroleptic Cu(I) photosensitizers.




2. Results and Discussion


2.1. Synthesis and Structural Characterization


Initially, the imidazo-phenanthroline ligands L1 and L2 were prepared by a convenient condensation reaction of 1,10-phenanthroline-5,6-dione with aniline and benzaldehyde (L1) or 4-bromo-benzaldehyde (L2) in the presence of ammonium acetate (Figure 1) [35,36]. This multicomponent approach enabled the straightforward synthesis of both ligands by only one step in high yields (L1: 75% and L2: 71%). To further extend the π-system in the back of this imidazo-phenanthroline ligands, the Suzuki cross-coupling reaction was used (Figure 1). On the one hand, L2 was reacted with phenylboronic acid using Pd(PPh3)4 as catalysts and Cs2CO3 as base to yield L3 in 93%. On the other hand, L2 was treated with 3,5-bis(trifluoromethyl)-phenylboronic acid under the same conditions (2.5 mol % Pd(PPh3)4, in 2-methoxyethanol/water (9/1), 72 h reflux) to obtain L4 in 54%. Both ligands L3 and L4 were purified either by column chromatography (L3 with dichloromethane/methanol, 9/1) or recrystallization (L4 with dichloromethane/n-hexane). As a result, two novel imidazo-phenanthroline ligands were obtained, containing an additional biphenyl unit in the case of L3 and two strongly electron withdrawing trifluoromethyl groups in the case of L4. Hence, the imidazo-phenanthroline ligand L2 serves as an ideal platform for a series of gradually extended diimine ligands.



Next, the heteroleptic Cu(I) complexes C1–C4 (Figure 2) were synthesized starting from the [Cu(ACN)4]PF6 (ACN = acetonitrile) precursor via an established one-pot two-step procedure [26,31]. In the absence of oxygen (N2 atmosphere) the xantphos (xant) ligand is introduced first, forming the [(xant)Cu(ACN)2]+ intermediate, followed by a quick substitution of the remaining acetonitrile ligands by the respective diimine ligand. After purification the Cu(I) compounds were obtained as yellow to slightly orange solids (Figure 2 right) in varying yields of C1: 76%, C2: 68%, C3: 66% and C4: 41% (for further details see the Experimental Section below).



All complexes were characterized by various NMR methods (1H, 31P and 13C NMR), mass spectrometry (using electrospray ionization), elemental analysis and where possible also by single crystal X-ray analysis. High-resolution mass spectra with matching isotopic patterns (see Supplementary Material Figures S5 and S6) confirmed the composition of all complexes. The [M-1PF6]+ peak was found as the most prominent peak in each case. The different NMR measurements (see Supplementary Material Figures S1–S4) are all in agreement with the proposed structures. Notably, there is almost no change in the 31P{1H} chemical shifts of C1 (−12.57 ppm), C2 (−12.52 ppm) C3 (−12.53 ppm) and C4 (−12.60 ppm) (Figure 3). Furthermore, these shifts are very similar to the one of the reference compound R1 (−13.44 ppm) with the much smaller 2,9-dimethyl-10-phenanthroline (Me2phen) ligand. This indicates that the structure around the Cu(I) moiety and the coordination of the xantphos ligand is almost unaffected by the variation of the phenanthroline backbone. This observation is in agreement with previous studies dealing with dipyrido-quinoxaline or dipyrido-phenazine type ligands for the extension of the aromatic π-system of the phenanthroline moiety [32,33].



The proposed structures of the present heteroleptic Cu(I) complexes were further supported by X-ray crystallography. Suitable single crystals of C1 and C2 (both monoclinic crystal system) were received by evaporation of a saturated DCM/ethanol/n-hexane or a DCM/pentane solution (DCM = dichloromethane), respectively. X-ray analysis (Figure 4) confirmed the characteristic distorted tetrahedral geometry for these kinds of heteroleptic Cu(I) complexes [14,26,32,37]. This distortion is caused by the different size and bite angle of the diimine (e.g., for C2 N1–Cu–N2: 80.48(17)°) compared to the xantphos ligand (e.g., P1–Cu–P2: 113.21(6)°, Table 1). Furthermore, both solid-state structures exhibit a twisted conformation of the two phenyl rings of L1 and L2, while the imidazo-phenanthroline moiety itself is planar. The comparison of selected bond lengths and angles of C1, C2 and R2 does not show any major differences (Table 1), e.g., Cu–N1 for C1: 206.6(7), C2: 209.0(4) and R1: 208.4(3) pm or N1–Cu–N2 for C1: 79.7(3), C2: 80.48(17) and R1: 80.53(13)°. This indicates that the different ligand backbones only have a minor influence on the central structure around the copper center.



From the packing diagram of C2 (Figure 4c), it becomes obvious that there are no π–π interactions in between the imidazo-phenanthroline ligands of neighboring complexes in the solid state. This is mainly caused by the 4-bromo-1-phenyl substituent, which is pushed in between the ligands. This observation is in contrast to C1 (see Supplementary Material Figure S8) and to other heteroleptic Cu(I) complexes containing structurally related diimine ligands with an extended π-system. For instance, in [(xant)Cu(dppz)]PF6 (dppz = dipyridophenazine) a pairwise stacking of the planar dppz moiety is present in the solid state [33]. Likewise, in complex C1 a pairwise stacking is found, which is caused by π–π interactions between two phenyl rings of L1 of adjacent complexes.




2.2. Electrochemical and Photophysical Studies


The electrochemical properties of the complexes C1–C4 were studied by cyclic voltammetry in acetonitrile solution (Figure 5, Table 2). The respective cyclic voltammograms (CVs) of C1 and C4 contain a fully reversible reduction wave, while the reduction waves of C2 and C3 are quasi-reversible at a scan rate of 100 mV/s. With faster scan rates these reduction waves become reversible (Figure 5d,e). This indicates that the singly reduced species of C2 and C3 are highly reactive and do already start to react further, before they are reoxidized. Therefore, this behavior can be suppressed by faster scan rates.



In each complex the reduction wave corresponds to an one electron reduction, already proven to be the reduction of the diimine ligand forming the [(P^P)CuI(N^N−)] species [14,38,39]. Interestingly, the reduction potentials of all complexes are very similar and occur in the range between −2.01 V (C1) to −1.97 V (C4). Hence, the different substituents at the imidazo-phenanthroline backbone only have a minor influence, indicating that the imidazo moiety is electronically decoupled from the phenanthroline sphere. This behavior was also observed for related Ru(II) complexes [40,41]. In contrast, a cathodic shift > 100 mV takes place compared to R1 (Ered = −2.10 V) due to the overall extended π-system of the imidazo-phenanthroline ligands. This significant shift does not appear for Ru(II) complexes containing such imidazole ligands that show a similar behavior to their Ru(II) phenanthroline complexes instead [41].



The oxidation waves are irreversible and attributed to the oxidation of the phosphine ligand, resulting in a dissociation of the P–Cu bond. This behavior is characteristic for heteroleptic Cu(I) complexes containing a xantphos ligand [14,26,32,38]. The oxidation potentials of the complexes differ with the different diimine ligands. For instance, the first oxidation takes place in the range from Eox1 = 0.55 V (C3) to 0.85 V (C2).



All copper complexes C1–C4 possess strong absorption bands in the UV region in acetonitrile solution (Figure 6c), which can be assigned to ligand centered absorption of the imidazo-phenanthroline ligand. They also show strong metal-to-ligand charge transfer (MLCT) transition bands around 400 nm. These bands are more than 20 nm (~1316 cm−1) bathochromically shifted compared to the reference complex R1 (λmax,abs = 378 nm, Table 2) without any imidazo moiety [32]. This phenomenon is also observed for related Ru(II) complexes, although it is less pronounced there (~6 nm) [28,42]. Moreover, the absorptivity of the novel complexes C1–C4 is significantly increased, which illustrates the impact of the extended π-system. The highest molar extinction coefficients for the respective MLCT bands were found for C3 (8.6 × 103 M−1 cm−1) and C4 (6.5 × 103 M−1 cm−1). Furthermore, the UV/vis absorption spectrum of complex C4 has an additional shoulder around 350 nm. This shoulder can be attributed to additional π–π* charge transfer transitions in the extended π-system [32,43]. This assignment is supported by the absorption spectra of the uncoordinated ligands L3 and L4 (Figure 6a), which also exhibit an additional shoulder at 350 nm.



The emission spectra of the Cu(I) complexes C1–C4 were measured in acetonitrile (Figure 6d) and in dichloromethane (Figure 6e) solution under an argon atmosphere, because the emission is quenched in the presence of oxygen. In acetonitrile all complexes show weak emission bands around 475 nm (Figure 6d) with quantum yields of approximately 0.003. For comparison, the emission of the corresponding ligands L1–L4 was also determined, but solely in dichloromethane due to solubility issues. Under these conditions the ligands exhibit intense emissions of around 410 nm (Figure 6b). Hence, the emission maxima of the complexes C1–C4 are redshifted compared to the pure ligands L1-L4. This means that the emission properties of the Cu(I) complexes are not caused by a potential contamination with the respective imidazo-phenanthroline ligand or a dissociation reaction in solution.



It is more likely that the weak emission of this Cu(I) complexes is attributed to ligand centered processes, because the energy of the detected emission is too high to be initiated by a triplet excited state with MLCT character. Furthermore, in dichloromethane these emission bands around 475 nm are negligible, because their intensity is only in the order of magnitude of the Raman scattering (i.e., in Figure 6e the sharp peaks belong to the Raman bands of the solvent). Additionally, in dichloromethane an emission band around 615 nm originating from a 3MLCT state appears for C1–C4 (Figure 6e), which is a typical wavelength range for the emission of such heteroleptic Cu(I) complexes [14,15,44]. In contrast, this low energy emission is not present in acetonitrile and seems to be quenched there.



Finally, also the solid-state emission was measured for the powdered samples at room temperature, where C1, C2 and C4 show a strong emission around 575 nm (Figure 6f). The emission band of C3 is comparably weaker, but shifted to higher energies with a maximum at 564 nm. Furthermore, the observed emission maxima are bathochromically shifted (~40 nm) compared to structurally related heteroleptic Cu(I) complexes, where the solid-state emission was strongly affected by the molecular structure of the individual diimine ligand [45]. These 3MLCT-emission-bands are rigidochromicly blueshifted compared to the 3MLCT-bands measured in dichloromethane.



The respective emission lifetimes of the solid samples are in the nanosecond range (Table 2) with a maximum of 438 ns for C3 and C4. The maximum emission lifetimes of C2–C4 are very similar to each other and only the lifetime of C1 is shorter (286 ns). In contrast, the solid-state emission lifetime of the reference complex R1 (up to 1.7 µs) is much longer. The observed emission lifetimes are all two exponential, which is in accordance to related heteroleptic copper complexes containing an imidazo-phenanthroline moiety [45].





3. Experimental Section


3.1. Materials and Methods


NMR: NMR spectra were measured at 298 K with different Bruker Avance spectrometers (Bruker, Rheinfelden, Germany) operating at Lamor frequencies of 400 MHz, 500 MHz or 700 MHz (1H) and 101 MHz, 126 MHz or 176 MHz (13C) and 162 MHz (31P). The resulting NMR spectra are processed with Bruker TopSpin software (version 3.2). The chemical shifts δ are listed in ppm. 1H- and 13C-NMR shifts are referenced according to the applied deuterated solvent as internal standard [46]. 31P{1H}-NMR shifts are proton decoupled and given relatively to H3PO4 (85%, δ = 0 ppm) as an external reference. Coupling constants J are presented as absolute values in Hz, without considering the kind of the coupling. For characterizing the multiplicity of the NMR signals the following abbreviations are used: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and dd = doublet of doublets.



ESI-MS: Mass spectrometric measurements were performed by the analytical service of the Institute for Organic Chemistry (IOC) at the University of Stuttgart. Electrospray ionization (ESI) spectra were measured using a Bruker Daltonics micrOTOF-Q (Bruker, Rheinfelden, Germany). The respective values are given as m/z.



X-ray: Single crystal X-ray diffraction analyses were carried out at 130 K on a Bruker Kappa APEXII Duo diffractometer (Bruker, Rheinfelden, Germany) with graphite-monochromated Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 1.54178 Å) radiaton by using Omega-Phi scan technique [47]. The structures were solved by direct methods using SHELXL97 software. ORTEP molecular graphics were performed by XP software [48]. CCDC 1875532 (C1) and 1875530 (C2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.



Absorption spectroscopy: Steady-state UV/vis absorption spectra were measured with a JASCO V-670 spectrophotometer (JASCO, Pfungstadt, Germany). The complexes C1–C4 and the ligands L1–L4 were dissolved in acetonitrile and in dichloromethane, respectively. Both solvents were of spectroscopic grade. All spectra were recorded in a standard 10 mm fluorescence quartz glass cuvette.



Emission spectroscopy: Steady-state emission spectra were recorded with a JASCO 25 spectrofluorometer FP-8500 (JASCO, Pfungstadt, Germany). The complexes C1–C4 and the ligands L1–L4 were dissolved in acetonitrile and in dichloromethane, respectively. All samples in solution were measured under inert conditions in a standard 10 mm fluorescence quartz glass cuvette with an optical density of approximately 0.1 at 400 nm. The solid samples were measured using a glass slide and fixed with a double-sided adhesive tape.



Time-resolved emission spectroscopy: Emission lifetime measurements were performed using a Q-switched pulsed Nd:YAG laser (Q-smart 450 mJ, Quantel laser, Les Ulis Cedex, France) with pulse durations of approx. 6 ns (repetition rate of 10 Hz). As excitation pulses the Nd:YAG output centered at 355 nm were used. The power of the pump beam was about 1.1 mJ per pulse at the sample. The emission lifetime of the samples was measured at their respective emission maxima. The emitted light was recorded using a photo multiplier tube (Hamamatsu R928P, Hamamatsu Photonics, Hamamatsu, Japan) of the LP980 spectrometer (Edinburgh Instruments, Livingston, UK).



Cyclic voltammetry: The cyclic voltammograms were carried out in acetonitrile or dichloromethane, respectively. As the supporting electrolyte 0.1 M TBAPF6 was used. The measurements were performed with an Autolab potentiostat PGSTAT204 (Metrohm, Filderstadt, Germany) using a three-electrode configuration. As electrodes a glassy carbon disc with a 3 mm diameter stick (working), a Pt electrode (counter) and a non-aqueous Ag/Ag+ electrode with 0.01 M AgNO3 in acetonitrile (reference) were utilized. As reference the ferrocene/ferrocenium (Fc/Fc+) couple was applied, which was added to the solution after each measurement. Thus, all reported potentials are versus the Fc/Fc+ couple. All scan rates are 100 mV/s unless otherwise noted.




3.2. Synthesis and Characterization


The starting materials (e.g., [Cu(ACN)4]PF6, xantphos or 1,10-phenanthroline) were purchased from the commercial suppliers ABCR, Acros Organics, Fluka, Sigma-Aldrich and VWR and used without further purification. Solvents were purified and dried according to conventional procedures [49]. All Suzuki cross-coupling reactions and the preparations of the heteroleptic Cu(I) complexes were performed under nitrogen atmosphere by using standard Schlenk techniques.



The ligands 2-phenyl-1-phenyl-1H-imidazo-[4,5-f][1,10]phenanthroline (L1) and 2-(4-bromophenyl)-1-phenyl-1H-imidazo-[4,5-f][1,10]phenanthroline (L2) were synthesized according to literature matching all reported characterization [35,36].



2-([1,1‘-Biphenyl]-4-yl)-1phenyl-1H-imidazo[4,5-f][1,10]phenanthroline L3: The ligand L3 was prepared by reacting 400 mg (0.886 mmol) L2 with 161 mg (1.321 mmol) PhB(OH)2 in the presence of 144 mg (0.442 mmol) Cs2CO3 and 26 mg (0.022 mmol) Pd(PPh3)4 in a mixture of 2-methoxyethanol:water (9:1) under reflux for 72 h. After cooling to room temperature, water was added and the aqueous phase was extracted with DCM. The solvent was removed in vacuo and the crude product was purified by column chromatography (DCM:MeOH, 9:1). Yield: 93% (371 mg).



1H-NMR (CDCl3, 400 MHz, 25 °C): δ (ppm) = 9.14-9.09 (m, 2H, Ar-H), 8.98 (d, 1H, J = 4.4, Ar-H), 7.70 (dd, 1H, J = 8.0, 4.4, Ar-H), 7.63–7.56 (m, 5H, Ar-H), 7.52–7.47 (m, 4H, Ar-H), 7.47 (s, 1H, Ar-H), 7.41–7.33 (m, 4H, Ar-H), 7.29 (d, 1H, J = 7.5, Ar-H), 7.24 (dd, 1H, J = 8.3, 4.3, Ar-H). 13C-NMR (CD3CN, 101 MHz, 25 °C): δ (ppm) = 152.0, 149.0, 147.9, 144.7, 144.2, 142.0, 140.1, 138.1, 136.3, 134.1, 130.8, 130.6, 130.4, 129.6, 128.9, 128.8, 128.7, 128.2, 127.8, 127.7, 127.0, 124.1, 123.6, 122.2, 120.0. HRMS (ESI) m/z: calculated for [M − H]+ [C31H21N4]+: 449.1761; found: 449.1765.



2-(3′,5′-Bis(trifluoromethyl)[1,1‘-biphenyl]-4-yl)-1phenyl-1H-imidazo[4,5-f][1,10]phenanthroline L4: The Ligand L4 was prepared by reacting 600 mg (1.33 mmol) L2 with 525 mg (2.04 mmol) 3,5-(CF3)2-C6H3-B(OH)2 in the presence of 217 mg (0.67 mmol) Cs2CO3 and 38 mg (0.033 mmol) Pd(PPh3)4 in a mixture of 2-methoxyethanol:water (9:1) under reflux for 72 h. After cooling to room temperature, water was added and the aqueous phase was extracted with DCM. Upon removal of the solvent, the product began to precipitate. It was collected by filtration and washed with n-hexane and water. Yield: 54% (422 mg).



1H-NMR (CDCl3, 700 MHz, 25 °C): δ (ppm) = 9.13 (dd, 1H, J = 4.3, 1.7, Ar-H), 9.09 (dd, 1H, J = 8.1, 1.7, Ar-H), 8.99 (dd, 1H, J = 4.2, 1.5, Ar-H), 7.93 (s, 2H, Ar-H), 7.80 (s, 1H, Ar-H), 7.70 (dd, 1H, J = 8.0, 4.3, Ar-H), 7.67 (d, 2H, J = 8.4, Ar-H), 7.65 (d, 1H, J = 7.3, Ar-H), 7.64–7.61 (m, 2H, Ar-H), 7.51 (t, 4H, J = 7.2, Ar-H), 7.39–7.37 (m, 1H, Ar-H), 7.23 (dd, 1H, J = 8.4, 4.3, Ar-H). 13C-NMR (CD3CN, 176 MHz, 25 °C): δ (ppm) = 150.0, 148.2, 147.1, 144.0, 143.5, 141.2, 137.7, 136.9, 135.3, 131.3, 129.7, 129.5, 129.5, 129.4, 129.0, 127.7, 127.0, 126.1, 126.1, 123.0, 122.9, 122.5, 121.5, 121.2, 120.3, 118.8. HRMS (ESI) m/z: calculated for [M − H]+ [C33H19F6N4]+: 585.1508; found: 585.1535. EA: calculated for C31H20F6N4: C: 67.81, H: 3.10, N: 9.59; found: C: 67.35, H: 3.48, N: 9.41.



The heteroleptic Cu(I) complexes C1–C4 were all prepared using a standard one-pot two-step procedure. For this purpose, one equivalent of [Cu(ACN)4]PF6 and one equivalent of xantphos were suspended in dry and degassed dichloromethane. Then, this reaction mixture was heated to reflux for 16 h under N2 atmosphere. After cooling the mixture to 0 °C using an ice bath the respective imidazo-phenanthroline ligand (1 equiv.), dissolved in a small amount of DCM, was added dropwise. Afterwards, this mixture was stirred for another 2–3 h under reflux. After cooling to room temperature, the product was precipitated by the addition of n-hexane and allowed to stand in a freezer overnight for full precipitation. Finally, the solid was filtered off, thoroughly washed with H2O, Et2O and n-hexane, then dried in vacuo.



[(xant)Cu(L1)](PF6) C1: According to the standard procedure C1 was prepared by reacting 75 mg (0.200 mmol) [Cu(ACN)4]PF6 with 116 mg (0.200 mmol) Xantphos and 74 mg (0.200 mmol) L1. Yield: 76% (177 mg).



1H-NMR (CD3CN, 500 MHz, 25 °C): δ (ppm) = 9.06 (d, 1H, J = 8.2, Ar-H), 8.43 (d, 1H, J = 4.4, Ar-H), 8.27 (d, 1H, J = 4.4, Ar-H), 7.72–7.66 (m, 3H, Ar-H), 7.65 (d, 4H, J = 7.0, Ar-H), 7.61 (t, 2H, J = 7.6, Ph-H), 7.58–7.53 (m, 4H, Ar-H), 7.42 (d, 1H, J = 8.4, Ar-H), 7.38–7.33 (m, 1H, Ar-H), 7.30 (t, 2H, J = 7.6, Ph-H), 7.24 (dd, 1H, J = 8.5, 3.8, Ar-H), 7.18–7.08 (m, 6H, Ar-H), 6.98 (t, 8H, J = 7.5, Ph-H), 6.89–6.82 (m, 8H, Ar-H), 6.54–6.48 (m, 8H, Ar-H), 1.67 (d, 6H, J = 7.4, CCH3). 13C-NMR (CD3CN, 126 MHz, 25 °C): δ (ppm) = 154.7, 153.4, 147.6, 146.7, 141.4, 141.3, 137.2, 135.7, 134.1, 132.5, 131.5, 131.4, 131.3, 131.1, 130.9, 130.6, 129.8, 129.6, 129.5, 129.3, 129.2, 128.5, 128.5, 128.3, 127.6, 127.1, 125.3, 125.1, 124.9, 124.2, 121.2, 119.3, 35.9, 27.3. 31P-NMR (CD3CN, 162 MHz, 25 °C): δ (ppm) = −12.6. HRMS (ESI) m/z: calculated for [M]+ [C64H48CuN4OP2]+: 1013.2594; found: 1013.2572. EA: calculated for C64H48CuF6N4OP3: C: 66.29, H: 4.17, N: 4.83; found: C: 65.28, H: 4.26, N: 4.77.



Crystals suitable for X-ray analysis were obtained from a saturated DCM/ethanol/n-hexane solution. The following crystal Data for C65H50Cl2CuF6N4OP3 (M = 1244.44 g/mol) were received: monoclinic, space group P2(1)/n, a = 12.1254(10) Å, b = 13.9304(12) Å, c = 40.007(3) Å, α = 90°, β = 93.564(4)°, γ = 90°, V = 6744.6(10) Å3, Z = 4, T = 130(2) K, Dcalc = 1.226 mg/m3, 39834 reflections measured (1.548° ≤ 2Θ ≤ 25.473°), 12284 unique (Rint = 0.0732) which were used in all calculations. The final R1 was 0.1232 (I > 2σ(I)) and wR2 was 0.2824 (all data).



[(xant)Cu(L2)](PF6) C2: According to the standard procedure C2 was prepared by reacting 83 mg (0.223 mmol) [Cu(ACN)4]PF6 with 129 mg (0.223 mmol) Xantphos and 100 mg (0.223 mmol) L2. Yield: 68% (184 mg).



1H-NMR (CD3CN, 500 MHz, 25 °C): δ (ppm) = 9.04 (d, 1H, J = 8.0, Ar-H), 8.44 (d, 1H, J = 4.0, Ar-H), 8.28 (d, 1H, J = 4.1, Ar-H), 7.72–7.65 (m, 4H, Ar-H), 7.62 (t, 2H, J = 7.4, Ar-H), 7.58–7.52 (m, 2H, Ar-H), 7.48–7.39 (m, 5H, Ar-H), 7.24 (dd, 1H, J = 8.4, 4.6, Ar-H), 7.17–7.09 (m, 6H, Ar-H), 6.98 (t, 8H, J = 7.3, Ph-H), 6.90–6.81 (m, 8H, Ar-H), 6.56–6.48 (m, 2H, Ar-H), 1.66 (d, 6H, J = 7.0, CCH3). 13C-NMR (CD3CN, 126 MHz, 25 °C): δ (ppm) = 154.6, 152.0, 147.5, 146.7, 141.4, 141.2, 136.8, 135.5, 134.0, 132.4, 131.3, 131.1, 131.0, 130.7, 130.7, 130.6, 129.7, 129.6, 129.1, 128.5, 128.4, 128.3, 127.5, 127.1, 125.2, 124.8, 124.8, 124.1, 123.5, 121.0, 119.1, 35.7, 27.2. 31P-NMR (CD3CN, 162 MHz, 25 °C): δ (ppm) = −12.5. HRMS (ESI) m/z: calculated for [M]+ [C64H47BrCuN4OP2]+: 1093.1692; found: 1093.1662. EA: calculated for C64H47BrCuF6N4OP3: C: 62.07, H: 3.83, N: 4.52; found: C: 57.33, H: 3.88, N: 4.06.



Crystals suitable for X-ray analysis were obtained from a saturated DCM/pentane solution. The following crystal Data for C65H49BrCl2CuF6N4OP3 (M = 1323.34 g/mol) were received: monoclinic, space group P 21/c, a = 9.8687(8) Å, b = 27.521(2) Å, c = 21.7494(17) Å, α = 90°, β = 95.369(2)°, γ = 90°, V = 5881.2(8) Å3, Z = 4, T = 130(2) K, Dcalc = 1.495 mg/m3, 40422 reflections measured (1.48° ≤ 2Θ ≤ 25.07°), 10384 unique (Rint = 0.1441) which were used in all calculations. The final R1 was 0.0700 (I > 2σ(I)) and wR2 was 0.1047 (all data).



[(xant)Cu(L3)](PF6) C3: According to the standard procedure C3 was prepared by reacting 83 mg (0.223 mmol) [Cu(ACN)4]PF6 with 129 mg (0.223 mmol) Xantphos and 74 mg (0.223 mmol) L3. Yield: 66% (177 mg).



1H-NMR (CD3CN, 700 MHz, 25 °C): δ (ppm) = 9.18 (d, 1H, J = 7.9, Ar-H), 8.56 (d, 1H, J = 4.1, Ar-H), 8.39 (d, 1H, J = 4.2, Ar-H), 9.82 (d, 2H, J = 7.9, Ar-H), 7.81–7.78 (m, 2H, Ar-H), 7.76–7.73 (m, 4H, Ar-H), 7.69 (d, 2H, J = 7.5, Ar-H), 7.63 (d, 4H, J = 8.0, Ar-H), 7.51 (d, 1H, J = 8.5, Ar-H), 7.47 (t, 2H, J = 7.5, Ar-H), 7.41 (t, 1H, J = 7.4, Ar-H), 7.34 (dd, 1H, J = 8.5, 4.6, Ar-H), 7.28–7.25 (m, 4H, Ar-H), 7.23 (t, 2H, J = 7.7, Ar-H), 7.10 (t, 8H, J = 7.5, Ph-H), 7.01–6.96 (m, 8H, Ar-H), 6.65–6.62 (m, 2H, Ar-H), 1.79 (d, 6H, J = 9.7, CCH3). 13C-NMR (CD3CN, 176 MHz, 25 °C): δ (ppm) = 155.4, 153.6, 148.4, 147.4, 142.5, 142.2, 142.0, 140.0, 138.0, 136.5, 134.9, 133.3, 132.2, 132.0, 131.6, 131.5, 131.4, 130.6, 130.5, 130.3, 130.0, 129.6, 129.3, 129.2, 128.6, 128.4, 127.9, 127.4, 127.4, 126.1, 125.8, 125.7, 125.0, 121.9, 120.0, 36.6, 28.1. 31P-NMR (CD3CN, 162 MHz, 25 °C): δ (ppm) = −12.5. HRMS (ESI) m/z: calculated for [M]+ [C70H52CuN4OP2]+: 1089.2907; found: 1089.2884. EA: calculated for C70H52CuF6N4OP3: C: 68.04, H: 4.24, N: 4.53; found: C: 67.41, H: 4.63, N: 4.02.



[(xant)Cu(L4)](PF6) C4: According to the standard procedure C4 was prepared by reacting 64 mg (0.171 mmol) [Cu(ACN)4]PF6 with 99 mg (0.171 mmol) Xantphos and 100 mg (0.171 mmol) L4. Yield: 41% (177 mg).



1H-NMR (CD3CN, 400 MHz, 25 °C): δ (ppm) = 9.18 (d, 1H, J = 8.0, Ar-H), 8.54 (d, 1H, J = 4.3, Ar-H), 8.38 (d, 1H, J = 4.4, Ar-H), 8.21 (s, 2H, Ar-H), 8.03 (s, 1H, Ar-H), 7.83-7.69 (m, 12H, Ar-H), 7.52 (d, 1H, J = 8.4, Ar-H), 7.35 (dd, 1H, J = 7.6, 4.7, Ar-H), 7.28–7.19 (m, 6H, Ar-H), 7.08 (t, 8H, J = 7.4, Ph-H), 6.99–6.92 (m, 8H, Ar-H), 6.65–6.59 (m, 2H, Ar-H), 1.76 (d, 6H, J = 5.3, CCH3). 13C-NMR (CD3CN, 101 MHz, 25 °C): δ (ppm) = 155.5, 153.3, 148.5, 147.6, 142.6, 142.3, 142.1, 139.5, 137.9, 136.6, 134.9, 133.3, 132.4, 132.2, 132.1, 132.0, 131.9, 131.8, 131.7, 131.5, 130.8, 130.6, 130.1, 129.3, 128.4, 128.2, 128.1, 126.1, 125.8, 125.7, 125.5, 125.0, 122.8, 122.1, 121.9, 120.0, 36.7, 28.1. 31P-NMR (CD3CN, 162 MHz, 25 °C): δ (ppm) = −12.6. HRMS (ESI) m/z: calculated for [M]+ [C72H50CuF6N4OP2]+: 1225.2655; found: 1225.2592. EA: calculated for C64H48CuF6N4OP3: C: 63.05, H: 3.67, N: 4.08; found: C: 62.52, H: 3.69, N: 4.05.





4. Conclusions


Inspired by the great potential and the large variety of heteroleptic Cu(I) photosensitizers (CuPSs) this study presents the synthesis, structural and spectroscopic characterization of a systematic series of four novel Cu(I) complexes bearing different imidazo-phenanthroline ligands. Starting from 2-(4-bromophenyl)-1-phenyl-1H-imidazo-[4,5-f][1,10]phenanthroline (L2) the Suzuki cross-coupling reaction was used to extend the aromatic π-system and to introduce different substituents. The respective Cu(I) compounds were then prepared by a convenient one-pot two-step procedure in medium to high yields and fully structurally analyzed by several methods.



As a result of the extended π-system all Cu(I) complexes possess a significant cathodic shift >100 mV of their reduction potential compared to structurally related complexes without an imidazo moiety. Furthermore, the individual redox potentials are very similar and independent from the various substituents, which is a strong indication that the imidazo backbone is electronically decoupled from the phenanthroline sphere.



As another consequence the extended π-system causes redshifted metal-to-ligand charge transfer (MLCT) transition bands by more than 20 nm and increased extinction coefficients. These are both positive features, which contribute to a further improvement of heteroleptic CuPS as an alternative to noble metal-based systems in the future.



Finally, all complexes show a strong emission in the solid state and possess emission lifetimes of about 0.4 µs. This also qualifies these compounds for potential applications in OLEDs or LECs.
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Scheme 1. Different options for extending the aromatic π-system in the backbone of 1,10-phenanthroline. 
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Figure 1. Synthesis details, reaction conditions, yields and labeling of the ligands L2–L4. 
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Figure 2. Left: Overview of the imidazo-phenanthroline type ligands L1–L4 and their corresponding heteroleptic Cu(I) complexes C1–C4 as well as the reference compound R1 investigated in this study. Right: Photograph of the complexes C1–C4 showing their different colors in the solid state. 
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Figure 3. Comparison of the 31P{1H}-NMR spectra (at 162 MHz, in CD3CN) of the heteroleptic copper complexes C1–C4 (from top to bottom). 
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Figure 4. Solid-state structures (ORTEP representation) of (a) complex C1 and (b) complex C2. (c) Packing situation of C2 in its unit cell. The thermal ellipsoids are drawn at a probability level of 50%. Hydrogen atoms, counter anions and solvent molecules are omitted for clarity. 
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Figure 5. Cyclic voltammograms of C1 (black), C2 (red), C3 (green) and C4 (blue) in acetonitrile solution using TBAPF6 (0.1 M) as supporting electrolyte. All measurements, if not stated otherwise, were conducted with a scan rate of 100 mV/s. The arrow illustrates the initial scan direction. In (a) the full scan is given, while in (b) the reduction waves and in (c) the oxidation waves were measured separately. In (d) the reduction waves of C2 and in (e) of C3 are shown with different scan rates of 500 mV/s, 250 mV/s, 100 mV/s, 50 mV/s (for C2 from dark red to light red and C3 from dark green to light green). 
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Figure 6. Absorption and emission spectra of the ligands L1 (black), L2 (red), L3 (green) and L4 (blue) (a,b) in dichloromethane and of the complexes C1 (black), C2 (red), C3 (green) and C4 (blue) (c,d) in acetonitrile solution. In panel (e) the emission spectra of C1–C4 (all measured with an optical density of 0.1 at λexc = 400 nm) are also presented in dichloromethane solution for comparison. Emission spectra were measured at room temperature under argon atmosphere. The emission of the solid samples C1–C4 are depicted in panel (f). The light blue line represents the emission of the blank test (only the sample holder without any sample). 
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Table 1. Selected crystallographic bond lengths (pm) and angles (°) of the complexes C1, C2 and R1.
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	C1
	C2
	R1 a





	Cu–N1 [pm]
	206.6(7)
	209.0(4)
	208.4(3)



	Cu–N2 [pm]
	201.6(9)
	204.6(4)
	211.2(3)



	Cu–P1 [pm]
	222.9(2)
	224.14(17)
	226.26(11)



	Cu–P2 [pm]
	227.5(3)
	227.23(16)
	228.63(13)



	N1–Cu–N2 [°]
	79.7(3)
	80.48(17)
	80.53(13)



	P1–Cu–P2 [°]
	118.75(8)
	113.21(6)
	112.93(4)



	N1–Cu–P1 [°]
	101.8(2)
	104.81(12)
	108.77(9)



	N1–Cu–P2 [°]
	127.1(2)
	118.88(12)
	120.33(9)



	N2–Cu–P1 [°]
	115.3(2)
	125.26(13)
	120.33(9)



	N2–Cu–P2 [°]
	106.8(2)
	110.45(12)
	118.59(9)







a Data was taken from reference [32] for comparison.
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Table 2. Summary of the photophysical and electrochemical properties of the complexes C1–C4 and their respective ligands L1–L4. The UV/vis absorption of the complexes was determined in aerated acetonitrile (ACN), while the ligands were measured in aerated dichloromethane (DCM) due to solubility issues. Emission of the complexes (λexc = 400 nm) was detected at room temperature in acetonitrile in the absence of oxygen and of the ligands (λexc = 355 nm) in dichloromethane under the same conditions. For the emission lifetime measurements all samples were excited at 355 nm. Redox potentials of the complexes C1–C4 were measured in deaerated acetonitrile and of the ligands L1–L4 in deaerated dichloromethane with 0.1 M TBAPF6 as supporting electrolyte vs. Fc/Fc+.
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	Comp.
	λmax,abs [nm] (ε [103 M−1 cm−1])
	λmax,em [nm] ACN
	λmax,em [nm] (LC) DCM
	λmax,em [nm] (MLCT) DCM
	λmax,em [nm] solid
	τ [ns] solid
	E1/2 red [V]
	E ox1 [V] a
	E ox2 [V] a





	R1
	378 (3.1) b
	564 b
	
	
	518 c
	167, 1702 c
	−2.10 b
	0.82 b
	-



	C1
	403 (6.00)
	474
	454
	618
	573
	14, 286
	−2.01
	0.73
	0.99



	C2
	400 (5.73)
	457
	452
	613
	574
	12, 426
	−1.98
	0.85
	1.11



	C3
	403 (8.64)
	474
	454
	614
	564
	15, 438
	−1.97
	0.55
	0.65



	C4
	401 (6.49)
	478
	454
	611
	576
	20, 438
	−1.97
	0.77
	1.02



	L1
	274 (59.05)
	
	408
	
	
	
	-
	1.19
	1.52



	L2
	277 (64.77)
	
	409
	
	
	
	-
	1.25
	1.46



	L3
	283 (41.11)
	
	413
	
	
	
	-
	1.23
	1.46



	L4
	284 (40.02)
	
	410
	
	
	
	-
	1.22
	1.43







a Irreversible. b Taken from [32]. c First reported here.
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