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Abstract

:

Four new molecular Co(II)tetrapyridyl complexes were synthesized and evaluated for their activity as catalysts for proton reduction in aqueous environments. The pyridine groups around the macrocycle were substituted for either one or two pyrazine groups. Single crystal X-ray analysis shows that the pyrazine groups have minimal impact on the Co(II)–N bond lengths and molecular geometry in general. X-band EPR spectroscopy confirms the Co(II) oxidation state and the electronic environment of the Co(II) center are only very slightly perturbed by the substitution of pyrazine groups around the macrocycle. The substitution of pyrazine groups has a substantial impact on the observed metal- and ligand-centered reduction potentials as well as the overall H2 catalytic activity in a multimolecular system using the [Ru(2,2′-bipyridine)3]Cl2 photosensitizer and ascorbic acid as a sacrificial electron donor. The results reveal interesting trends between the H2 catalytic activity for each catalyst and the driving force for electron transfer between either the reduced photosensitizer to catalyst step or the catalyst to proton reduction step. The work presented here showcases how even the difference of a single atom in a molecular catalyst can have an important impact on activity and suggests a pathway to optimize the photocatalytic activity and stability of molecular systems.
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1. Introduction


Catalysts that can transform typically inert but sustainable reagents, such as light and water, to generate high-value fuels are absolutely critical to mitigating atmospheric CO2 accumulation and climate disruption [1,2,3,4,5]. The development of such catalytic systems can be accelerated using molecular complexes, which provide the opportunity to investigate the impact of chemical and electronic structures on catalytic mechanisms and activities with atomic-level resolution [6,7,8,9,10]. Furthermore, molecular catalysts provide the critical ability to investigate in detail the role of both the active center and supporting environment, as well as their interaction. Recent work has demonstrated that the ligand environments of molecular Co(II) catalyst complexes have outstanding impacts on the overall activity and selectivity in several catalytic transformations [11,12,13,14,15,16]. For catalytic proton reduction, the activity of Co(II) pentadentate catalysts has shown interesting dependence on the location of pyrazine for pyridyl substitution [17] and the sterics of isoquinoline for pyridine substitution [18]. In transformations that are more demanding than proton reduction, such as CO2 reduction, the addition of amine groups around the periphery of a tetraazine Co(II) macrocycle provides sites to generate an H-bonding network with a solvent and CO2 [19,20]. These examples, and many others, illustrate how even subtle changes in molecular structure can have a profound impact on catalytic activity [21,22].



Here, we describe the synthesis, characterization, and activity of four new molecular catalysts for photocatalytic proton reduction in an aqueous environment. The structures of these catalysts are based on the tetra(pyridyl) coordination of a single Co(II) (Figure 1, structures 1–4) and are derived from an open “macrocycle” catalyst that our group recently described which is composed of amine-bridged 2,2′-bipyridine groups (O-CAT) [23]. In the current work, either one or two of the pyridine groups of O-CAT are replaced with pyrazine groups to generate the novel catalysts 1–4 and we find that the pyrazine groups considerably impact the metal- and ligand-centered reduction potentials. The addition of one pyrazine group on the macrocycle furthest from the bridging amine results in a catalyst (2) that is more active for aqueous proton reduction than the parent catalyst, while the three remaining pyrazine catalysts show less activity for proton reduction than O-CAT. Ultimately, these results point to an interesting correlation between the electron transfer step with the largest thermodynamic driving force and the observed turnovers of H2.




2. Results


2.1. Catalyst Synthesis


Catalysts 1–4 are derived from the structure of the parent molecule O-CAT that our group previously found to be highly active and stable for H2 generation from aqueous solutions [23]. The synthesis of O-CAT was achieved by palladium-catalyzed coupling of 6-amino-2,2′-bipyridine with 6-bromo-2,2′-bipyridine followed by metalation using Co(II) salts [24]. The synthesis of 1–4 followed a similar strategy of macrocycle formation, followed by metalation with Co(II), although the introduction of pyrazine groups necessitated an additional coupling step to complete the macrocycle. Briefly, macrocycle formation was accomplished by starting with an appropriately substituted halogenated pyridine or pyrazine, followed by two palladium-catalyzed coupling steps using the Buchwald–Hartwig and Stille methods [25]. The order of these carbon–nitrogen and carbon–carbon bond forming steps was dictated by the pyrazine position around the macrocycle. Full synthesis schemes are presented in Appendix A; the complete synthetic procedures and characterization of structure and purity are presented in the Supporting Information.




2.2. X-ray Crystallography


Single crystals of 1–4 were grown by slow diffusion of diethyl ether into saturated acetonitrile solutions of each complex. Despite the difference in the pyrazine substitution around the ligand of the catalysts presented here, the molecular structures of O-CAT and 1–4 are nearly indistinguishable (Figure 2, Tables S1–S4). Each Co(II) center is penta-coordinated with a distorted square pyramidal geometry. The four Co(II)-chelating nitrogen atoms of pyridine/pyrazine units occupy the equatorial coordination plane with bond lengths typical for Co(II)poly(pyridyl) complexes (1.901–1.961 Å) and a longer bond to CH3CN in the axial position (2.116–2.144 Å). Additionally, there is a weak interaction (2.4–2.7 Å) between the Co(II) center and an oxygen atom of one of the two perchlorate counter anions. There is no positional disorder observed in the nitrogen of the pyrazine groups. The two pyrazine-decorated bipyridine units of 1–4 that compose the Co(II)-chelating ligand are twisted with respect to each other, rendering the macrocycle as severely distorted from planarity, similar to that observed for O-CAT. The torsion angle, as defined by the four bipyridine nitrogen atoms, is 16.8° for 1, 2, and 3, and 13.3° for 4. Complete crystallographic data are presented in the Supporting Information.




2.3. Electrochemistry


Cyclic voltammetry (CV) was used to investigate how the pyrazine substitution of 1–4 impacts the redox properties (Figure 3A, Table 1). The CV scans of 1–4 in acetonitrile reveal that the addition of the electron-withdrawing pyrazine groups move the Co(II/I) redox couple to less negative values than for O-CAT, which demonstrates that the cobalt center is easier to reduce in the catalysts with pyrazine functionalization. The observed potentials are approximately the same for 1 and 2 (both have one pyrazine group) vs. 3 and 4 (both have two pyrazine groups), which indicates that the number of pyrazine groups is more important than the specific position of the pyrazine group. For each pyrazine group added to the macrocycle, the Co(II/I) potential shifts anodically by approximately 130 mV, spanning from -0.69 V for O-CAT to -0.42 V for complex 3. A similar trend is observed for the macrocycle (ligand) reduction potentials. Each pyrazine group that is added pushes both the first and second reductions to less negative potentials compared with those of the parent O-CAT. Additionally, similar to the trend observed for the metal-centered couples, the ligand reductions of the complexes that contain a single pyrazine group (1 and 2) occur at approximately the same potential while the ligand reductions of the complexes that contain two pyrazine groups (3 and 4) also occur at very similar potential.




2.4. Electron Paramagnetic Resonance (EPR) Spectroscopy


Continuous wave (CW) X-band (9.5 GHz) EPR spectroscopy was performed on de-aerated frozen solutions of O-CAT and 1–4 in 1:1 CH3CN:CH2Cl2 to characterize the electronic structure of the cobalt center (Figure 3B). All five spectra are very similar, indicating that the electronic structure of the central Co(II) ion is only very slightly disturbed by the introduction of one or two pyrazines into the macrocycle. The spectra are typical for mononuclear low-spin Co(II) [23,26,27,28,29,30], which has a d7 electronic state. The cobalt hyperfine structure (59Co has I = 7/2 with 100% natural abundance) is only resolved in the high-field part of the spectra, resulting in the splitting of the gz component into eight lines. This splitting, related to hyperfine tensor component Az, is the largest in O-CAT, smaller in 1 and 2 (both with one pyrazine group), and smallest in 3 and 4 (both with two pyrazine groups). The reduced 59Co hyperfine component Az can be qualitatively interpreted as a consequence of a slight reduction of the electron spin density in the dz2 orbital of the Co(II) ion. This trend, observed in the EPR spectra, is in good agreement with the trend of redox potentials of the Co(II/I) redox couple (Figures S28–S32 and Table S5).



The 14N superhyperfine structure is partially resolved and the splitting pattern is consistent with two equivalent nitrogen atoms (14N has I = 1 with >99% natural abundance) in direct contact with the Co(II) ion [29]. This is expected from the nitrogen of two CH3CN solvent molecules axially coordinating the central Co(II) (for the complete listing of magnetic resonance parameters see Table S5). Note that the superhyperfine interactions of the four nitrogen atoms in the equatorial plane of the cobalt center are not resolved, which is expected for mononuclear Co(II) complexes, since their hyperfine interaction is much smaller than those of axial ligands [31]. Altogether, this confirms that the structure observed in the solid state indeed persists in solution, but now carries an additional two axial CH3CN ligand molecules.




2.5. H2 Photocatalysis


The activity of 1–4 for aqueous photocatalytic H2 generation was investigated in a multimolecular system using [Ru(bpy)3]2+ as the molecular photosensitizer and ascorbic acid (AA) as the sacrificial electron donor. We used a set of experimental parameters to evaluate the catalytic activity consistent with the optimal conditions previously described for O-CAT. The comparison of the H2 turnovers (TON) as a function of time under 455 nm LED illumination for each catalyst is presented in Figure 4. We observed that each catalyst immediately began producing H2 from the aqueous solution following illumination, although the initial turnover frequency (TOF) was different for each catalyst and follows the order 2 > O-CAT > 4 > 1 > 3 (see also Table 1). After about four hours of continuous illumination, the TOF had greatly reduced for 2, O-CAT, and 1, and H2 production had ceased for 3 and 4. The only pyrazine-functionalized catalyst that performed better than the parent O-CAT was catalyst 2.





3. Discussion


These new pyrazine-functionalized catalysts are based on the basic structure of the previously described O-CAT [23]. In this prior work, we demonstrated that O-CAT has very high activity for light-activated proton reduction from water when compared with similar Co(II)-based molecular catalysts. Furthermore, analysis of the electrocatalytic activity suggested that the bridging nitrogen between the bipyridine groups can be protonated in the catalyst resting state and that it plays an important role in the mechanism of H2 generation. Therefore, we proposed that the excellent activity stems from a proton reduction mechanism that proceeds through intramolecular electron and proton transfer steps between the metal center and ligand framework to distribute the two electrons and two proton transfers required to generate H2 from aqueous protons. This aligns with work from several other groups that have similarly demonstrated that the integration of basic groups into the chemical structure of proton and CO2 reduction catalysts leads to the ability to bind protons from solution and participate in proton transfer to and from the metal center [22,32].



In agreement with previous work from our group [23] and others on diffusionally governed multimolecular photocatalytic systems [33,34,35], we propose that the initial steps for photocatalytic H2 generation are photoexcitation of [Ru(bpy)3]Cl2 followed by reductive quenching of the excited state by ascorbate (Figure 5A). The reduced photosensitizer, [Ru(bpy)2(bpy·−)]Cl, has a reduction potential of −1.52 V vs. SCE [36] and is fully capable of electron transfer to the Co(II) center of catalysts 1–4. Reductive quenching of photoexcited [Ru(bpy)3]Cl2 by AA− is thought to be the dominant pathway for photoinduced electron transfer because of the large excess of AA− even though oxidative quenching by electron transfer also has sufficient driving force to proceed in the absence of other system components [35].



Given the substantial changes to the reduction potentials of 1–4 as a function of pyrazine substitution, we had anticipated observing clear correlations between molecular structure, redox potential, and catalytic activity. Contrary to our expectations, when we plot the H2 TON for O-CAT and 1–4 versus the Co(II/I) reduction potential, there is no obvious simple relationship (Figure 5B, orange data points). This led us to consider the influence of the catalysts’ redox properties on the thermodynamic driving forces for electron transfer between the components of the photocatalytic system. First thinking about the interaction between the reduced photosensitizer and the catalyst, when we plot the difference in free energy (ΔG) for the electron transfer step from [Ru(bpy)2(bpy·−)]Cl to Co(II) (Figure 5B, dark blue dashed line), we observe that O-CAT and 2 fall on this line, but 1, 3, and 4 do not. However, if we also consider the overall ΔG for the Co(II/I) potential to the proton reduction potential at pH 4.5, the remaining catalysts 1, 3, and 4 do follow this trend (Figure 5B, light blue dashed line). We interpret these relationships as a starting point to understand the complex interplay between molecular structure and electronic properties that contribute to the “dark” steps in the photocatalytic mechanism, which result in the trend we observe in overall activity. For catalysts O-CAT and 2, the driving force for electron transfer from [Ru(bpy)2(bpy·−)]Cl to Co(II) is the smallest among this set of catalysts, so this is likely the rate-limiting step. If this is the case, it would lead to a buildup of dehydroascorbic acid (DHA). Back electron transfer to DHA from [Ru(bpy)2(bpy·−)]Cl is likely not a major factor under these conditions since the overall activity of these catalysts is the highest among those studied here. By contrast, for catalysts 3 and 4, ΔG for Co(II/I) to the proton reduction potential is the smallest among this set of catalysts, so the steps of the mechanism between the catalyst and the aqueous protons are likely limiting overall activity. If the electron transfer step from the catalyst to protons for 3 and 4 is rate limiting, we are likely to generate a buildup of the Co(I) intermediate, which in general can be a quite labile oxidation state and we presume that these catalysts are not as stable under the conditions investigated here.



The large difference in activity between 1 and 2 cannot be explained by the trends in ΔG since their Co(II/I) redox potentials are nearly identical. However, previous work on a series of Co(II)penta(pyridyl) complexes used for proton reduction found that pyrazine substitution equatorial to the Co(II) center results in much more active catalysts than pyrazine substitution axial to the Co(II) center [17]. We can make similar conclusions with this set of macrocyclic Co(II) catalysts: pyrazine substitution adjacent to the bridging amine (1) appears to dramatically impact catalyst stability, possibly as a result of resonance destabilization across the two bonds that separate the pyrazine nitrogen from the tertiary amine.



In this study, the main experimental variable is the molecular structure of the catalyst, specifically the number and location of pyrazine functional groups. However, we recognize that with the different structures and associated variation in both the metal- and ligand-centered redox potentials, there may be different optimal conditions (e.g., pH, light intensity, concentration, photosensitizer ratio, and sacrificial electron donor) for each complex [35,37,38]. Furthermore, the catalyst stability and/or ability to recycle the catalyst may be enhanced by immobilization on a variety of different substrates. It has been demonstrated that immobilizing molecular catalysts onto electrode materials, nanoparticles, graphene, carbon nanotubes, metal–organic frameworks, and even proteins has resulted in hybrid catalyst materials that are more stable and efficient than in homogeneous solution and occasionally in conditions that preclude activity with just the catalyst alone [9,39,40,41,42,43,44]. Future work with the pyrazine-functionalized catalysts will focus on optimizing conditions for photocatalysis in homogeneous multimolecular systems and evaluating methods to immobilize the molecular catalysts on electro-active substrates.




4. Materials and Methods


4.1. General Methods


1H NMR was performed on a Bruker DMX 500 and referenced to tetramethylsilane (TMS) or residual non-deuterated solvent peaks. Electrospray ionization mass spectrometry (ESI-MS) were collected on a ThermoFisher LCQ Fleet (Waltham, MA, USA) from diluted methanol or acetonitrile solutions in positive ionization mode. Elemental analysis was performed by Midwest Microlab, LLC (Indianapolis, IN, USA). H2 photocatalysis measurements were performed as previously described [23].



Cyclic voltammetry was conducted using a standard three-electrode cell on a BioAnalytical Systems (BAS, West Lafayette, IN, USA) 100B potentiostat and cell stand with a 3 mm diameter glassy carbon working electrode, a Pt wire auxiliary electrode, and an Ag/AgCl pseudo reference electrode (1.5 mm diameter Ag wire coated with AgCl). Each solution in anhydrous acetonitrile was purged with N2 prior to measurement and maintained under a blanket of N2 during measurement. Tetrabutylammonium hexafluorophosphate (0.1 M) was used as the supporting electrolyte. Ferrocene (purified by sublimation) was added as an internal standard and redox potentials were referenced to the ferrocene–ferrocenium couple (0.40 V vs. saturated calomel electrode (SCE) (acetonitrile) [45]). All scans were performed at 100 mV s−1.



Samples for EPR spectroscopy were prepared as 2 mM solutions of each catalyst in anhydrous 1:1 CH3CN:CH2Cl2 and de-aerated by bubbling with N2. Solutions were transferred to 4 mm o.d. quartz EPR tubes, sealed under an N2 atmosphere, and cooled in liquid nitrogen. Continuous wave (CW) X-band (9.5 GHz) EPR experiments were carried out with a Bruker ELEXSYS II E500 EPR spectrometer (Bruker Biospin, Rheinstetten, Germany), equipped with a TE102 rectangular EPR resonator (Bruker ER 4102ST). A Helium gas-flow cryostat (ICE Oxford, Witney, UK) and an intelligent temperature controller (ITC) (Oxford Instruments, Abingdon, UK) were used for cryogenic temperatures. Data processing and computer simulations were performed using Xepr (Bruker BioSpin, Rheinstetten) and Easyspin [46] in the Matlab R2018b (The MathWorks, Inc., Natick, MA, USA) environment.




4.2. Synthesis of Complexes 1–4


Reagents and solvents were obtained from commercial sources and used as received. The synthesis of O-CAT was accomplished as previously described [23] and matched all reported characterization. Synthesis schemes can be found in Appendix A and complete synthesis details can be found in the Supporting Information.




4.3. Crystallography


Single crystal X-ray diffraction data for 1–4 were collected at Purdue University. Complete details of data collection and structure solutions can be found in the Supporting Information. The crystal structures of 1–4 have been deposited with the Cambridge Crystallographic Data Centre and can be accessed as structures CCDC 2036712-2036715.





5. Conclusions


In summary, we have described four new Co(II) macrocyclic complexes that are competent photocatalysts for aqueous proton reduction when driven by a molecular photosensitizer and a sacrificial electron donor. Substitution of either one or two pyrazine groups around the macrocycle has dramatic impacts on the redox potentials of both the metal and ligand reductions and important implications for the observed H2 catalytic activity. Our results suggest that in certain photocatalytic systems, it may be preferable to maximize the ΔG from Co(II/I) to H+/H2 rather than the energy difference from the photosensitizer to the catalyst. This is counter to a common goal of developing electrocatalytic systems, where effort is typically focused on trying to minimize the overpotential for proton reduction, which often occurs at, or slightly more negative than, the Co(II/I) couple. In a photocatalytic system, there are more electron transfer steps to consider and systematic structure–activity studies like this one will help provide insight into how to manage competing factors. Ongoing work is focused on identifying and evaluating the catalytic intermediates to further optimize photocatalysis by first-row transition-metal-based molecular complexes.
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Appendix A. Synthesis Schemes
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Scheme A1. Synthesis of L1. 






Scheme A1. Synthesis of L1.
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Scheme A2. Synthesis of L2. 






Scheme A2. Synthesis of L2.
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Scheme A3. Synthesis of L3. 






Scheme A3. Synthesis of L3.
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Scheme A4. Synthesis of L4. 






Scheme A4. Synthesis of L4.
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Scheme A5. Synthesis of 1–4. 






Scheme A5. Synthesis of 1–4.
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Figure 1. Chemical structures of parent Co(II)tetra(pyridyl) molecular catalyst with amine-bridged 2,2′-bipyridine groups (O-CAT), and its pyrazine-functionalized derivatives 1–4. 
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Figure 2. Crystal structures of O-CAT and 1–4 depicting a view of each macrocycle from the top and from the open end of the complex. Ellipsoids are depicted at 50% probability. Atom labels: carbon, gray; nitrogen, blue; cobalt, magenta. Co(II)-coordinated solvent molecules, disorder, and ClO4- counteranions are omitted for clarity. Hydrogen atoms are removed from the end-on view for clarity. 
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Figure 3. Characterization of the electronic structure of the five Co(II) catalysts. (A) Cyclic voltammetry of 1 mM O-CAT and 1–4 in CH3CN with 0.1 M TBAPF6 as supporting electrolyte. The solid box highlights the Co(II/I) couple, and the dashed box highlights the ligand reductions. (B) Continuous wave X-band EPR spectroscopy of 2 mM O-CAT and 1–4 in 1:1 CH3CN:CH2Cl2 at 30 K. The simulation of these spectra and magnetic resonance parameters are found in the Supporting Information. 
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Figure 4. Photocatalytic H2 generation from water by O-CAT and 1–4. Conditions: 5 μM catalyst, 500 μM [Ru(bpy)3]Cl2, 0.1 M ascorbic acid, pH 4.5, 455 nm LED illumination, 120 mW/cm2. 
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Figure 5. Mechanistic analysis of H2 photocatalysis by O-CAT and 1–4. (A) Proposed photocatalytic cycle through reductive quenching of photosensitizer excited state (PS*) by deprotonated ascorbic acid (AA−). DHA = dehydroascorbic acid; WRC = water reduction catalyst. (B) Plot of H2 turnovers (TON) vs. Co(II/I) reduction potential (left axis) and overlay of ΔG from reduced PS to Co(II) and Co(II/I) to H+/H2. 
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Table 1. Summary of cyclic voltammetry data and H2 generation activity for O-CAT and 1–4.
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	E1/2 (Co(II/I))

(V vs. SCE) a
	E1/2 (L0/−)

(V vs. SCE)
	E1/2 (L−/2−)

(V vs. SCE)
	Initial TOF (H2/Co/h) b
	TON at 4 h (H2/Co)





	O-CAT
	−0.69
	−1.30
	−1.64
	1017 ± 5
	1268



	1
	−0.54
	−1.07
	−1.51
	450 ± 1
	629



	2
	−0.57
	−1.08
	−1.52
	3419 ± 25
	1569



	3
	−0.42
	−0.89
	−1.38
	376 ± 1
	272



	4
	−0.48
	−0.86
	−1.37
	538 ± 9
	324







a CV performed in CH3CN with 0.1 M TBAPF6 as supporting electrolyte; potentials referenced to SCE using ferrocene as internal standard. b TOF calculated from linear fit to first 30 min of H2 production upon illumination.
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