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Abstract

:

Energy-relevant small molecule activations and related processes are often multi-electron in nature. Ferrocene is iconic for its well-behaved one-electron chemistry, and it is often used to impart redox activity to self-assembled architectures. When multiple ferrocenes are present as pendant groups in a single structure, they often behave as isolated sites with no separation of their redox events. Herein, we study a suite of molecules culminating in a self-assembled palladium(II) truncated tetrahedron (TT) with six pendant ferrocene moieties using the iron(III/II) couple to inform about the electronic structure and, in some cases, subsequent reactivity. Notably, although known ferrocene-containing metallacycles and cages show simple reversible redox chemistry, this TT undergoes a complex multi-step electrochemical mechanism upon oxidation. The electrochemical behavior was observed by voltammetric and spectroelectrochemical techniques and suggests that the initial Fc-centered oxidation is coupled to a subsequent change in species solubility and deposition of a film onto the working electrode, which is followed by a second separable electrochemical oxidation event. The complicated electrochemical behavior of this self-assembly reveals emergent properties resulting from organizing multiple ferrocene subunits into a discrete structure. We anticipate that such structures may provide the basis for multiple charge separation events to drive important processes related to energy capture, storage, and use, especially as the electronic communication between sites is further tuned.
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1. Introduction


The redox and electrochemical properties of ferrocene (Fc) have been well characterized since its discovery in 1951 [1]. The electrochemically reversible and chemically stable ferricenium/ferrocene (Fc+/Fc) couple has the potential for applications in charge-transfer mediation, redox switching, sensing, and catalysis [1,2,3,4]. For applications that require a specific onset potential, the Fe(III/II) couple can be modified by substitutions on one or both cyclopentadienyl (Cp) rings [5,6,7,8]. In addition to altering the electronic structure of the ferrocene, such functionalization may provide the basis for covalent attachment or coordination to surfaces and/or ions. Onset potential notwithstanding, ferrocene and its derivatives are limited to single-electron transfer, which is misaligned with the multi-electron chemistry associated with many small molecule activations such as water splitting, CO2 reduction, and hydrogen evolution [9,10,11]. Mediating these transformations demands a fundamental understanding of how to control the multi-redox behavior either using a material that undergoes multi-electron chemistry or by organizing two or more active sites that can operate in concert. The latter has motivated recent efforts to develop multi-ferrocene systems that preserve or enhance the well-defined redox chemistry of this archetypal metallocene [12,13,14,15,16,17].



Coordination-driven self-assembly is an effective convergent synthetic strategy to organize multiple building blocks into well-defined structures [2]. When one or more tectons are redox-active, self-assembly enables careful control over their proximity and number [18,19]. Common building blocks containing phenyl or ethynyl groups terminating in pyridyl donors are not notably redox-active and so one common method is to covalently tether ferrocene moieties. Alternatively, the metal nodes can house Fc sites, for instance, when 1,1′-bis(diphenylphosphino)ferrocene (dppf) is used as a cis-chelating capping [3]. Free dppf is not stable upon oxidation owing to a dimerization process [20]. When this ligand is coordinated to Pd(II), not only is the redox chemistry preserved, but the oxidative dimerization is also attenuated due to the strong metal—phosphorus bonds that are present [21].



Electrochemical studies of self-assemblies that contain multiple Fc centers commonly conclude that a single, reversible or pseudoreversible oxidation peak is evidence that the ferrocene centers are non-communicative [22,23,24]. The reversibility is reminiscent of free ferrocene, though the half-cell potentials of these metallacycles and cages are shifted owing to the functionalization of the Cp rings used for tethering. We are interested in exploiting Fc-containing assemblies as multi-electron reservoirs, and our initial studies revealed that the redox response of dppf differs significantly as the coordination environment about a Pd(II) center changes from precursor to building block to assembly. The combination of six dppf-capped Pd(II) building blocks with four 120˚ tripodal 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT) ligands yields a truncated tetrahedron (TT), originally reported by Lees and coworkers and later characterized further by Yang and coworkers [22,25]. Here, we provide evidence of the complex oxidation chemistry of this TT that includes both electrochemical and chemical steps. Voltammetric and spectroelectrochemical techniques suggest that the initial Fc-centered heterogeneous electrochemical oxidation results in a change in species solubility and subsequent deposition of the hexa-Fc TT onto the working electrode. The oxidative response leading to film formation is followed by a second, separable electrochemical oxidation event. The coupled change in solubility and formation of the redox-active film, following initial electrochemical oxidation, is of great significance to further advance analogous materials for catalysis and synthesis applications that require multiple charge equivalents. Furthermore, evaluating the effects of electrochemical redox behavior on solubility and the deposition of redox-active assemblies as thin films is of relevance to film production and the synthesis of electrode materials for heterogeneous catalysis.




2. Results and Discussion


2.1. Synthesis and Spectroscopic Characterization


In order to gain an understanding of how self-assembly may impart emergent redox properties, we constructed a library of precursors, building blocks, and an assembly that spanned Fc, dppf, dichloro (1,1′-bis(diphenylphosphino)ferrocene)palladium(II) (Pd(dppf)Cl2), 2,2′-dipyridyl(1,1′-bis(diphenylphosphino)ferrocene)palladium(II) hexafluorophosphate (Pd(dppf)bpy), and Pd(dppf)TPT. The final two species were obtained from [bis-acetonitrile(1,1′-bis(diphenylphosphino)ferrocene)palladium(II)] hexafluorophosphate ([Pd(dppf)(ACN)2](PF6)2) by treatment with the corresponding pyridyl ligand (2,2′-bpy or TPT) in the appropriate stoichiometric ratio (Scheme 1). Immediate color changes of reaction solutions throughout these syntheses indicated that ligand-substitution kinetics were rapid. UV-Vis absorption spectra of the Fc-containing compounds in Scheme 1, on the synthetic pathway to Pd(dppf)TPT, are presented in Figure S1 in Supporting Information. Treating Pd(dppf)Cl2 with silver(I) hexafluorophosphate (AgPF6) in the presence of acetonitrile (ACN) yielded a pure Pd(II) building block, which was deep blue in color, in stark contrast to the initial reddish-orange solution. The labile ACN could then be readily displaced by pyridyl-based donor ligands to yield mono- and polynuclear complexes in high yields. [Pd(dppf)(ACN)2](PF6)2 quickly changed from a deep indigo-blue solid to a dark blackish-green solution when solubilized in acetone, likely from the exchange of solvent ligands. The addition of this solution to a clear and colorless solution of 2,2′-bpy in a 1:1 ratio resulted in a pale purplish-grey solution, evidence for the formation of the Pd(dppf)bpy monomer. These changes in color and intensity of coloration arose from shifts of the visible-wavelength d-d transition of ferrocene and changes in its molar absorption coefficient (ε) (Figure S1 in Supporting Information) [26]. The absorption maximum of the d-d band at 440 nm for Fc is at 441 nm for dppf, and red shifts to 464 nm for Pd(dppf)Cl2 to 573 nm for Pd(dppf)bpy. The measured molar absorption coefficient of this band for dppf (244 M−1 cm−1) is similar to our measured value for ferrocene (103 M−1 cm−1), whereas the d-d band intensified upon coordination of dppf to Pd(II), with molar absorption coefficients of 705 and 677 M−1 cm−1 for Pd(dppf)Cl2 and Pd(dppf)bpy, respectively. The environment of the Pd(II) metal center thus influences the energy and absorptivity of the d-d band. Pd(dppf)bpy also exhibits more strongly-absorbing bands to the blue, including a weak shoulder just red of 350 nm and, in spectra of lower-concentration solutions, absorption bands at 231 nm (ε = 53,774 M−1 cm−1) and 304 nm (ε = 17,163 M−1 cm−1).



When an acetone solution of [Pd(dppf)(ACN)2](PF6)2 was reacted with TPT in a 3:2 ratio, the reaction mixture changed from dark blackish-green to a much more vibrant light-purple color, an initial indication of the formation of Pd(dppf)TPT. The absorption spectrum of Pd(dppf)TPT (Figure S1e in Supporting Information) is similar to that of Pd(dppf)bpy, with the Fc-centered d-d absorption band centered at 527 nm (ε = 5960 M−1 cm−1), red-shifted from that of ferrocene to a lesser extent than for Pd(dppf)bpy. The spectrum of Pd(dppf)TPT also contains a shoulder around 350 nm. The 8.8-fold increase in the molar absorptivity of the Fc-centered band of Pd(dppf)TPT relative to that of Pd(dppf)bpy indicates a degree of electronic communication throughout the assembly, as the absorptivity surpasses that of six individual subunits with pyridyl ligands.



Fc-containing compounds for electrochemical analysis were fully characterized by 31P{1H}- and 1H-NMR experiments. 31P{1H}-NMR spectra are presented in Figure 1, and 1H-NMR spectra are presented in Figures S2–S4 in Supporting Information. The 31P{1H}-NMR spectrum of each complex exhibits a sharp singlet with a distinct chemical shift from that of their respective precursor molecules. The sharp singlet observed at 43.03 ppm in the 31P{1H}-NMR spectrum of [Pd(dppf)(ACN)2](PF6)2, distinctly shifted downfield from that of Pd(dppf)Cl2, suggests the complete displacement of inner-sphere chlorides and equivalently saturated cis-coordination sites. The 31P{1H}-NMR spectrum also contains a septuplet signal far upfield at −142.42 ppm, consistent with the presence of outer-sphere hexafluorophosphate (PF6−) counterions. A sharp shoulder at 1.96 ppm in the 1H-NMR spectrum (Figure S3 in Supporting Information), downfield from the peak from ACN at 1.94 ppm, is evidence of a coordinated solvent and supports the formation of the cis-ACN product. [Pd(dppf)(ACN)2](PF6)2 was stable to handle in the air when used for synthesis; however, 31P{1H}-NMR signals near 46.0 ppm, assigned to uncharacterized products, developed over the course of days to weeks when stored open to atmosphere. It is possible that the signals arise due to solvent exchange with ambient water to form an aqua species [27,28,29,30]. This suggests that the complex should be stored in a dry environment; our precursor was stored in a glovebox when not in use. Clear shifts of the sharp singlets observed in the 31P{1H}-NMR spectra for Pd(dppf)bpy and Pd(dppf)TPT support complete conversion from the cis-ACN acceptor. In 1H-NMR spectra, there were no resonances associated with residual-free ligands, and the relative integrations of the peaks for the bound ligands were consistent with the proposed structures (Figure S4 in Supporting Information).



The DOSY-NMR spectrum of Pd(dppf)TPT in D2-DCM (Figure S5 in Supporting Information) exhibits a uniform diffusion coefficient for the proton resonances assigned to the metallacage (4.7 and 7.7–8.4 ppm). The diffusion coefficient was estimated to be ~3.53 × 10−10 m2 s−1, which is much lower than the diffusion coefficients estimated from resonances associated with the residual solvents. The diffusion coefficient extracted from our DOSY experiment is lower than the previously reported value of 5.62 × 10−9 m2 s−1 [22]. The difference in diffusion coefficients was attributed to the higher dynamic viscosity of DCM (0.413 mPa s) relative to acetone (0.306 mPa s) [31]. The diameter of the spherical particle approximated by 1H resonances associated with freely diffusing Pd(dppf)TPT was calculated to be 3.0 nm based on the Stokes—Einstein equation, which is close to the previously approximated value of 3.3 nm [22,32].




2.2. FT-ICR MS


High-resolution FT-ICR MS data for Pd(dppf)bpy display two primary peaks in the full spectrum at m/z values of 961 and 409, attributed to the 1+ and 2+ ions, respectively, of the intact monomer after the loss of PF6− counterions (Figure S6 in Supporting Information). The isotopic distribution and m/z values agree with those predicted from simulated data (Figure 2a,b). FT-ICR MS data for Pd(dppf)TPT increased fragmentation relative to Pd(dppf)bpy, its monomeric analog; however, a signal at an m/z of 2173 provides evidence for an intact molecular ion (Figure S7 in Supporting Information), which supports our stoichiometry of self-assembly wherein six Pd(II) and four TPT subunits combine. We can rule out a half-fragment giving rise to this peak because both the isotopic distribution and m/z values match the simulated data (Figure 2c). Taken together, the FT-ICR MS data and the uniform diffusion coefficient obtained from DOSY-NMR strongly support the clean assembly of the desired Pd(dppf)TPT complex.




2.3. X-ray Crystal Structure


The structure of Pd(dppf)TPT was determined by single-crystal X-ray diffraction (Figure 2d). The violet crystals were small and poorly diffracting (dmin = 0.98 Å). The expected truncated tetrahedron topology was confirmed, with six square planar Pd(II) centers ligated by two pyridyl N-donors and chelated by bis-phosphines on dppf that cap the remaining coordination sites to prevent a divergent geometry. The four TPT ligands reside in the faces of the truncated tetrahedron. This structure is analogous to other cages that contain six metal nodes and four tritopic donors [33,34,35].




2.4. Electrochemical Characterization


We used cyclic voltammetry to measure the redox reactivity of the series of complexes shown in Scheme 1. The electrochemical behavior of these complexes was influenced by the Pd(II) coordination environment and further influenced by the polynuclear nature of the TT prism (Figure 3).



2.4.1. Fc


Under our working conditions, the Fc+/Fc couple of free Fc exhibits a peak-to-peak separation of roughly 330 mV, centered at E1/2 = 226 mV vs. silver/silver(I) nitrate (Ag+/AgNO3). This redox couple was used to standardize all measurements relative to Fc+/Fc. The measured peak-to-peak separation is greater than the canonical value of 57 mV for reversible systems, but the ratio of reductive to oxidative charge-passed approaches 1, indicating the electrochemical quasi-reversibility of the system under the reported conditions.




2.4.2. dppf


In comparison, dppf no longer exhibits the same quasi-reversible behavior of the Fc+/Fc oxidation as measured for Fc. The peak maximum for the FeIII/FeII event shifted positively to +219 mV vs. Fc+/Fc. At even higher positive potentials, the CV contains a series of irreversible oxidation waves. It has been previously reported that, upon oxidation of the ferrocene of dppf, the resulting ferricenium center intramolecularly oxidizes a lone pair from one of the pendant phosphines [20]. This radical phosphine then undergoes an intermolecular dimerization with another equivalent of dppf. Thus, it is likely the subsequent irreversible oxidation events are the result of further oxidizing the electrochemical products of the Fc-centered oxidation or subsequently oxidizing the dimerized product. No reduction events were observed within the probed electrochemical window.




2.4.3. Pd(dppf)Cl2


The reversibility of the Fc+/Fc couple was restored upon chelation to the Pd(II) metal center. This result reveals that the lone pairs of free dppf become inaccessible to electrochemical oxidation once bound to Pd(II), with π-backbonding further hindering intramolecular oxidation of the phosphines [20]. The Fc+/Fc event of Pd(dppf)Cl2 was found to shift to +587 mV vs. Fc+/Fc. The ratio of the anodic to cathodic current did not vary significantly when the scan rate was decreased from 100 to 10 mV∙s−1 (Figures S8 and S9).




2.4.4. Pd(dppf)bpy


The CV of Pd(dppf)bpy is similar to that of Pd(dppf)Cl2 with some exceptions. The Fc-centered oxidation was shifted even more positively to +763 mV vs. Fc+/Fc and remained pseudoreversible as the scan rate was decreased (Figure S10 in Supporting Information). Additionally, the CV contains a bpy-centered reduction event E1/2 of –727 mV vs. Fc+/Fc (Figure S11 in Supporting Information). The peak-to-peak separation of 90 mV suggested quasi-reversibility. The bpy-centered event is most reversible when it is isolated. At more negative potentials, CVs exhibit an irreversible event, which is associated with a Pd(II)-centered reduction. Since this second reduction is irreversible, it has a deleterious effect on the reversibility of the bpy wave and diminishes the current response of the bpy-centered wave following the first scan (Figure S12 in Supporting Information). Both the cathodic and anodic current responses decrease, likely due to a depletion of Pd(dppf)bpy upon the second reduction.




2.4.5. Pd(dppf)TPT


The arrangement of multiple ferrocene moieties in the TT structure of Pd(dppf)TPT gives rise to quasireversible electrochemical behavior that differs greatly from that of its monomeric analogs (Figure 3). Centered at approximately 713 mV vs. Fc+/Fc, the FeIII/FeII couple of the cage exhibits a peak-to-peak separation of 172 mV at a scan rate of 250 mV∙s−1 (Figure 4a). Although oxidation occurs at a similar potential to that of the monomeric derivatives, the wave is asymmetric with respect to both peak shape and current response and exhibits a much larger peak-to-peak separation, which is because electron-transfer kinetics are slow relative to the timescale of the experiment [36]. Following the initial oxidation of Fe(II) to Fe(III), the return reduction wave is sharper and exhibits a higher peak current than the forward oxidation wave. The increased re-reduction current and sharpening of the reduction wave are consistent with the adsorption of the oxidized species onto the electrode surface following electrochemical oxidation [37,38,39].



To explore these effects further, we acquired CVs of Pd(dppf)TPT, through the Fe(II)-to-Fe(III) oxidation and the return reduction, at varying scan rates (Figure 4b). Full cyclic voltammograms of Pd(dppf)TPT and individual cyclic voltammograms of the Fc-centered oxidation at each scan rate can be found in Figures S13–S20 in the Supporting Information. As the scan rate of the CV measurement decreases from 100 to 10 mV∙s−1, the Fc-centered oxidation wave sharpens, and a second oxidation wave develops with a peak shifted ~100 mV more positive than the initial oxidation wave. At intermediate scan rates of 20 and 40 mV∙s−1, the second oxidation wave is still measurable as a distinct wave but occurs at more positive potentials than in the 10 mV∙s−1 scan. We ascribe the double oxidation not to two kinetically fast events, because they do not coalesce at high scan rates, but rather to the emergence of a subsequent electrochemical oxidation after an intermediate chemical change. This chemical change probably involves adsorption, as evidenced by the peak shape and asymmetry of the high scan rate data and the sharpening of the cathodic peak with decreasing scan rate, presumably due to a decrease in solubility of the product of the initial Fe(II)-to-Fe(III) electrochemical oxidation [37,38,39]. The shift of the second oxidation wave to more positive potentials with increasing scan rate implies that the intermediate chemistry occurs slowly relative to electrochemical oxidation.



As the scan rate was changed, the behavior of the reduction peak also changed greatly. The return reduction wave becomes even sharper and shifts to more positive potentials with a decrease in overall peak-to-peak separation. At a scan rate of 100 mV∙s−1 for the 0.3 mM Pd(dppf)TPT solution, the reduction wave is broad with a slight shoulder towards positive potentials. The broad, shouldered peak shape suggests a distribution of products being reduced at the electrode near the same potential. As the scan rate was decreased at this concentration, the overall peak shape became much sharper and more well-defined, with the reduction peak in the 10 mV∙s−1 scan shifting to more positive potentials by nearly 30 mV. This better-defined reduction peak is centered on the shoulder seen in CVs acquired at 100 mV∙s−1, with a broad tail towards more negative potentials, spanning a potential window of roughly 250 mV.



The relationship between peak current and the square root of the scan rate was linear for the first anodic wave (Figure S21 in Supporting Information). This linear relationship suggests that the first oxidation event is diffusion-limited, according to the Randles—Sevcik equation [36]. Therefore, Pd(dppf)TPT undergoes the first electrochemical oxidation as a freely-diffusing species in solution, and this event precedes any adsorption phenomenon. The peak current for the cathodic wave did not exhibit the same linear relationship with the square root of the scan rate, suggesting that the reduction event is a non-diffusion-limited event (Figure S21 in Supporting Information).



The correlation between the first oxidation and the apparent film-formation step was further probed by changing the switching potentials of CVs, such that the first oxidation was fully observed at each scan rate, but the direction of the potential sweep was reversed before the onset of the subsequent oxidation (Figure 5a). As such, the chemical step induced by the initial oxidation could still proceed, but the applied potential was swept reductively before further oxidation could occur. CVs acquired at high scan rates are consistent with a quasi-reversible Fc-centered oxidation. In these data, the broad reduction wave is attributed primarily to the reduction of ferricenium generated from the first electrochemical oxidation. The broad peak shape suggests a distribution of products; thus, the mechanistic steps following the initial oxidation may occur to some extent, even at high scan rates. Notably, CVs acquired at the slowest scan rates of 5–10 mV∙s−1 contained positively shifted, sharp, and intense reduction peaks, revealing that the sharpening and enhancement of the return reduction peak, which are indicative of the adsorption of oxidation products to the electrode, resulting from the first electrochemical oxidation and, thus, that the oxidation events at higher potentials are likely attributable to adsorbed species.



To further elucidate the nature of the oxidation-induced chemical step, we investigated the concentration-dependence of the coupled oxidation events. Interestingly, concentration-dependent CVs (Figure 5b) exhibit similar features as the aforementioned scan-rate-dependent CVs (Figure 6). CVs acquired at lower concentrations resemble those acquired at fast scan rates. In other words, the second oxidation exhibits a decreased current response and a more positive potential either when the scan rate is high or when the concentration is low.



The ratio of the total cathodic charge passed to the total anodic charge passed (Chargered:Chargeox) varied with both scan rate and concentration of the system (Figure 5b inset). For Pd(dppf)TPT at a concentration of 0.30 mM, Chargered:Chargeox was 1.4 at 100 mV∙s−1, increased to a maximum of 3.1 at 60 mV∙s−1, and then decreased to 1.2 at 10 mV∙s−1. Although the ratio approached 1.0 at slower scan rates, the reductive charge passed exceeded the oxidative charge passed at all scan rates. The scan rate with the maximum value of Chargered:Chargeox varied with concentration. Maximum Chargered:Chargeox ratios were 3.1 at 60 mV∙s−1 for the 0.30 mM system, 2.0 at 40 mV∙s−1 for 0.20 mM system, and 1.8 at 20 mV∙s−1 for the 0.10 mM system. When the second oxidation event is limited, at high scan rates, low concentrations, or both, Chargered:Chargeox is much greater than 1.0. The observed trends are thus further consistent with adsorption of the initially oxidized products to the electrode surface, where the Chargered:Chargeox ratio increases with scan rate [40].



CV data for Pd(dppf)TPT consistently exhibit a sharpening of both the initial Fc-centered oxidation and the return reduction wave with increasing concentration or decreasing scan rate. The sharpening of waves, narrowing peak-to-peak separations, and non-unity values of Chargered:Chargeox are consistent with a non-diffusion limited process [37,38,39,40]. In the case of this system, these data suggest that the initially oxidized species is less soluble than Pd(dppf)TPT, which leads to the adsorption of the product of the initial oxidation to the electrode surface.





2.5. UV-Vis Spectroelectrochemistry


In an attempt to characterize the products of oxidation and potential subsequent steps, we performed UV-Vis spectroelectrochemical measurements, in which absorption spectra of electrolyte solutions were acquired as a function of applied potential during the acquisition of cyclic voltammograms. For both Fc and Pd(dppf)Cl2, following electrochemical oxidation, a new absorption band developed at lower energies relative to the d-d band of the unoxidized species (Figure S22a,b in Supporting Information). This new band, which was centered at 620 and 616 nm for Fc and Pd(dppf)Cl2, respectively, is attributed to the LMCT transition of ferricenium moieties produced by electrochemical oxidation [26,41]. In contrast, the spectra for oxidized Pd(dppf)TPT do not contain an analogous ferricenium-derived LMCT band (Figure S22d,c in the Supporting Information). For Pd(dppf)TPT, over the course of the CV experiment, the only notable change in the absorption spectrum was the development of more pronounced bands at wavelengths less than 450 nm. Thus, on the timescale of this experiment, there was no spectroscopic evidence for the formation of soluble Pd(dppf)TPT cages containing oxidized ferricenium moieties. UV-Vis spectra of electrolyte solutions with relatively higher concentrations of Pd(dppf)TPT (0.30 mM), acquired under oxidizing conditions, exhibited an elevated baseline (Figure S22d in the Supporting Information), consistent with increased scattering of light caused by precipitation of oxidation products. Oxidation-induced precipitation is consistent (a) with the absence of a measurable LMCT band of solvated Fc+-containing species and (b) with a mechanism in which electrochemically-oxidized Pd(dppf)TPT with pendant ferricenium is insoluble in the electrolyte and adsorbs to the working electrode’s surface.




2.6. Diffuse Reflectance Spectroelectrochemistry


We next endeavored intentionally to prepare thin films of oxidized Pd(dppf)TPT on FTO via constant-potential deposition from an electrolyte solution containing Pd(dppf)TPT. To characterize the extent of oxidative adsorption of Pd(dppf)TPT, we acquired diffuse reflectance UV-Vis spectra of FTO working electrodes after prolonged oxidation (Figure 6a). Prolonged oxidation indeed produced a film on FTO, which was apparent by eye and grey in color (Figure S23 in the Supporting Information). Reflectance spectra of film-coated working electrodes exhibited a broad absorption from approximately 450 to 700 nm, consistent with the d-d transition of Fc centered at 527 nm for Pd(dppf)TPT, as well as a lower-energy band centered at approximately 650 nm, which we attribute to the LMCT transition of Fc+-containing oxidation products of Pd(dppf)TPT. The presence of spectral features associated with Pd(dppf)TPT and Fc+, in spectra of the films on FTO, provides additional evidence for a mechanism in which the initial products of oxidation of Pd(dppf)TPT are deposited onto the working electrode surface. Prolonged reduction in the modified FTO working electrode resulted in a clean FTO film that was completely removed of any deposited Pd(dppf)TPT by eye (Figure S23 in the Supporting Information).




2.7. CV Cycling


Repeated CV cycling of Pd(dppf)TPT reveals a depletion of current across the first Fc-centered oxidation, the second oxidation, and the return reduction, as well as associated shifts of the second oxidation wave positively and the return reduction event negatively (Figure 6b). Within the context of our proposed mechanism, as oxidation–reduction cycles are repeatedly swept, the first oxidation event should result in ongoing adsorption of the oxidized product to the working electrode surface. The current response of the initial oxidation will thus be depleted with repeat cycles as adsorption sites on the working electrode surface become occupied by the Fc+-containing species. Over the course of the CV cycling experiment, the second oxidation wave shifts to more positive potentials, as expected if the second wave corresponds to the further oxidation of partially oxidized, adsorbed Pd(dppf)TPT. Similarly, the return reduction wave shifts to more negative potentials, and the current response of both waves steadily decreases. The increasing peak-to-peak separation may also indicate that electron-transfer kinetics are slower at the modified glassy carbon surface, perhaps arising from decreased coupling between the electrode and remaining Fc sites on partially oxidized, adsorbed species [42]. By the end of the repetitive cycling experiment, the current response from both oxidation and reduction events was completely depleted until no charge was passed.




2.8. Proposed Mechanism


One overall mechanism that is consistent with all our data is as follows. The initial electrochemical oxidation wave corresponds to the oxidation of one or more ferrocene centers of Pd(dppf)TPT, yielding a species which, due to its decreased solubility in the electrolyte solution, then adsorbs to the working electrode (either glassy carbon or FTO as evidenced by both CV and diffuse reflectance measurements). Importantly, though, the initial oxidation wave in CVs is not separable, even at high scan rates, which would be expected if ferrocene groups of Pd(dppf)TPT were coupled. Adsorption of oxidized Pd(dppf)TPT alters the surface of the electrode, whether it is glassy carbon or FTO. This change in surface chemistry is likely the cause of the second oxidation event in measured cyclic voltammograms. This second oxidation event may involve either: (1) the oxidation of remaining Fc moieties on the partially-oxidized Fc+-containing Pd(dppf)TPT adsorbate, or (2) the heterogeneous oxidation of remaining Pd(dppf)TPT in solution at the surface-modified working electrode. Results from the cycling experiment with glassy carbon (Figure 6b) suggest that the working electrode surface becomes incapable of interacting heterogeneously with the analyte solution once it has been fully passivated by adsorbed products, ruling out the likelihood of mechanism (2) for the second oxidation. Although Fc+ is present initially, the passivation of the electrode with a redox-silent adsorbent is consistent with the oxidized cage decomposing to its building blocks. Since TPT is neither soluble nor redox-active under these conditions and potential windows, it is the most likely candidate for the loss of the current response. Related C3 symmetric tripyridyl molecules have shown an affinity for carbon surfaces, stabilized by intermolecular H-bonding and substrate-adsorbate interactions that result in dense ordering that fully covers the carbon surface [43].





3. Materials and Methods


3.1. Materials


The chemicals ferrocene (Fc) [Sigma Aldrich], dichloro(1,5-cyclooctadiene)palladium(II) (Pd(COD)Cl2) [Strem], 1,1′-bis(diphenylphosphino)ferrocene (dppf) [Matrix Scientific], silver(I) hexafluorophosphate (AgPF6) [Oakwood Chemical], silver(I) nitrate (AgNO3) [Fisher Scientific], 2,2′-bipyridine (2,2′-bpy) [Chem Impex Int’l Inc.], 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT) [TCI], and tetra(n-butyl)ammonium hexafluorophosphate (TBAPF6) [Oakwood Chemical] were used as-received and without further purification. Glass sheets with a thickness of 2.25 mm and coated with fluorine-doped tin oxide (FTO) were sourced from Pilkington. Dichloromethane (DCM) was sourced from JT Baker, whereas the acetonitrile (ACN), acetone, diethyl ether (Et2O), and hexanes were all sourced from Fisher Chemical. Solvents were used as received and without purification unless the use of a dry solvent was specified. Dry solvents were dispensed from a Glass Contour Solvent System assembled by Pure Process Technologies LLC (Nashua, NH, USA).




3.2. NMR Experiments


All 1H-NMR experiments were conducted on a Bruker Avance Neo 400 MHz instrument operated at 400 MHz, and all chemical shifts (δ) are reported in parts per million (ppm) in reference to the residual protio-solvent peak. 31P{1H}-NMR experiments were conducted on the same instrument operated at 162 MHz, and all chemical shifts (δ) are reported relative to an 85% H3PO4 standard. All NMR solvents were sourced from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). Dichloromethane-D2 (CD2Cl2) and acetonitrile-D3 (CD3CN) ampules were used without further purification, whereas acetone-D6 (CO(CD3)2) was dried over 3 Å molecular sieves.




3.3. Synthesis of dichloro(1,1′-bis(diphenylphosphino)ferrocene)palladium(II) (Pd(dppf)Cl2)


[image: Inorganics 11 00122 i001]



A solution of Pd(COD)Cl2 (412.3 mg, 144.4 µmol, 1.0 equivalents) in dry DCM (~15 mL) was prepared in a round bottom flask and, using standard Schlenk techniques, was placed under a nitrogen (N2) atmosphere with five vacuum/N2 cycles and left to stir. The dppf (800.6 mg, 144.4 µmol, 1.0 equivalents) was dissolved in minimal dry DCM (~2 mL), and added to the stirred solution of Pd(COD)Cl2, rinsing with 1 mL of dry DCM three additional times to ensure complete transfer. The reaction mixture was then subjected to another five vacuum/N2 cycles and allowed to stir overnight at rt. The solvent was then removed from the reaction mixture under vacuum (50 °C, 300–400 mbar), and the resulting solid was redissolved in a minimal amount of DCM, and then precipitated with the addition of hexanes (3:1 hexanes:DCM v:v) and centrifuged to collect the solid precipitate. The product was further washed by the addition of hexanes with sonication to redisperse the powder in the wash solvent, and once again centrifuged to collect the solid. This wash procedure was repeated a minimum of three times to ensure the complete removal of residual COD. The product was then dried in vacuo and isolated as an orange-red powder (1038 mg, 98% yield). 1H-NMR (400 MHz, CD2Cl2, 300 K): δ = 7.93 (dd, 8 H, Ph Ho), 7.58 (t, 4 H, Ph Hp), 7.49 (dd, 8 H, Ph Hm), 4.46 (s, 4 H, Fc Hα), 4.27 (s, 4H, Fc Hβ) ppm. 31P{1H}-NMR (162 MHz, CD2Cl2, 300 K): 33.94 (s, PPh2) ppm. ε = 705 (λ = 464 nm) M−1∙cm−1.




3.4. Synthesis of [bis-acetonitrile(1,1′-bis(diphenylphosphino)ferrocene)palladium(II)]hexafluorophosphate [(Pd(dppf)(ACN)2](PF6)2)


[image: Inorganics 11 00122 i002]



In a glove box under an N2 atmosphere, Pd(dppf)Cl2 (101.1 mg, 137.8 µmol, 1.0 equivalents) was dissolved in dry DCM (~8 mL) and stirred at rt in a 20 mL scintillation vial. Then, AgPF6 (69.7 mg, 276 µmol, 2.0 equivalents) was separately dissolved in dry ACN (~2 mL). The AgPF6 solution was added to the stirred solution of Pd(dppf)Cl2. The reaction mixture was left to stir overnight in the glovebox at rt. Upon completion, the reaction mixture was kept under the inert atmosphere of the glovebox while the silver chloride (AgCl) precipitate was removed. AgCl was gravity filtered from the solution using a small microfiber disc carefully packed into a pipette, loosely topped with a 1–2 cm celite plug. The filtrate was then filtered a second time in the same manner and equally distributed into 2 dram vials in 1–2 mL aliquots. The product was then precipitated by the addition of Et2O in a ~5-fold excess to the filtrate solution, and the deep violet solution became cloudy. The vials were then brought out of the glovebox and quickly sonicated in order to promote complete precipitation, which was evident by a color change from the cloudy violet solution to a much more vibrant deep blue. The precipitate was then collected by centrifugation. The isolated product was washed by the addition of Et2O, with sonication to redisperse the powder in the wash solvent, and then collected by centrifugation. This wash process was repeated a minimum of three times. The product was then dried in vacuo and isolated as a deep violet-blue powder (113.9 mg, 80% yield). 1H-NMR (400 MHz, CD3CN, 300 K): δ = 7.77 (m, 12 H, Ph Ho and Hp), 7.60 (dd, 8 H, Ph Hm), 4.76 (s, 4 H, Fc Hα), 4.58 (s, 4 H, Fc Hβ) ppm. 31P{1H}-NMR (162 MHz, CD3CN, 300 K): δ = 43.03 (s, PPh2), −142.42 (m, PF6−) ppm.




3.5. Synthesis of 2,2′-dipyridyl(1,1′-bis(diphenylphosphino)ferrocene)palladium(II) hexafluorophosphate (Pd(dppf)bpy)


[image: Inorganics 11 00122 i003]



Open to the air, 2,2′-bpy (2.40 mg, 15.2 µmol, 1.6 equivalents) was dissolved in acetone (5 mL) and stirred at rt in a 20 mL scintillation vial. [Pd(dppf)(ACN)2](PF6)2 (15.7 mg, 15.2 µmol, 1.0 equivalents) was separately dissolved in acetone (~5 mL). The resulting solution, which changed from deep violet-blue to greenish-black, was rapidly pipetted into the stirred solution of 2,2′-bpy. The flask was rinsed with minimal acetone (~1 mL) three additional times to ensure complete transfer. The reaction mixture quickly turned light-purple upon the addition of the Pd precursor. The reaction was stirred at 30 °C for 1 h. The solvent was then removed under vacuum (50 °C, 300–400 mbar), and the solid was redissolved in minimal acetone (1–3 mL), precipitated with an excess of Et2O (3:1, Et2O:acetone, v:v), and collected by centrifugation. The product was further washed by the addition of Et2O to the isolated solid, with sonication to redisperse the powder in the wash solvent, and the solid product was once again collected via centrifugation. This wash process was repeated a minimum of three times. The product was then dried in vacuo and isolated as a greyish-purple solid (14.6 mg, 87% yield). 1H-NMR (400 MHz, CD3CN, 300 K): δ = 8.17 (d, 2 H, bpy), 8.04 (dd, 2 H, bpy), 7.92 (dd, 8 H, Ph Ho), 7.81 (s, 2 H, bpy), 7.56 (dd, 4 H, Ph Hp), 7.43 (dd, 8 H, Ph Hm), 7.07 (dd, 2H, bpy), 4.80 (s, 4 H, Fc Hα), 4.69 (s, 4 H, Fc Hβ) ppm. 31P{1H}-NMR (162 MHz, CD3CN, 300 K): δ = 39.90 (s, PPh2), −146.81 (m, PF6−) ppm. ε = 53,774 (λ = 231 nm), 17,163 (λ = 304 nm), 677 (λ = 573 nm) M−1∙cm−1.




3.6. Synthesis of Pd(dppf)TPT


The synthetic procedure was adapted from the literature [22,25]. Modified reaction conditions were used, including elevating temperature and increasing reaction time to ensure complete conversion, as well as a modified work-up using centrifugation for collection and washing of the isolated product. Open to the air, TPT (29.7 mg, 95.7 µmol, 2.0 equivalents) was dispersed in acetone (~5 mL) and stirred at rt in a 20 mL scintillation vial. [Pd(dppf)(ACN)2](PF6)2 (148.2 mg, 143.5 µmol, 3.0 equivalents) was separately dissolved in acetone (~5 mL). The solution, which changed from deep violet-blue to greenish-black, was rapidly pipetted into the stirred solution of TPT. The flask was rinsed with acetone (~1–3 mL) three additional times to ensure complete transfer. The reaction mixture quickly turned light-purple upon the addition of the Pd precursor. The reaction was left to stir at 30 °C for 1 h. The solvent was then removed under vacuum (50 °C, 300–400 mbar), and the solid was redissolved in acetone (~1–3 mL) and gravity filtered through a small microfiber disc carefully packed into a pipette. The product was then precipitated in an excess of hexanes (3:1, hexanes:acetone, v:v), and the solid was collected by centrifugation. The product was further washed by the addition of hexanes to the isolated solid, sonicated to redisperse the powder in the wash solvent, and once again centrifuged to collect the solid. This wash process was repeated a minimum of three times. The product was then dried en vacuo and isolated as a light-purple solid (118.1 mg, 71% yield). 1H-NMR (400 MHz, CD2Cl2, 300 K): δ = 8.37 (d, J = 10 Hz, 24 H, pyridyl Hα), 7.97 (d, J = 10 Hz, 24 H, pyridyl Hβ), 7.75 (m, 72 H, Ph Ho and Hp), 7.66 (dd, 48 H, Ph Hm), 4.69 (d, 48 H, Fc Hα and Hβ) ppm. 31P{1H}-NMR (162 MHz, CD2Cl2, 300 K): 35.29 (s, PPh2), −146.55 (m, PF6−) ppm. ε = 5963 (λ = 527 nm) M−1∙cm−1.




3.7. UV-Vis


UV-Vis spectra were acquired with a Cary 8454 UV-Vis diode array system. A quartz cuvette with a path length of 1 cm was used for all measurements. All samples for absorbance measurements were prepared open to air and using dry DCM.




3.8. Mass Spectrometry


Mass spectra were acquired using electrospray ionization with a home-built sprayer into a Bruker SolariX 12 T Fourier transform-ion cyclotron resonance mass spectrometer (FT-ICR MS) (12 Tesla FT-ICR) system equipped with a dual source.




3.9. Crystallographic Details


The datum crystal of approximately 0.1 mm × 0.1 mm × 0.05 mm was mounted on a Rigaku XtaLAB Synergy diffractometer coupled to a Rigaku Hypix detector with Cu Kα radiation (λ = 1.54184 Å) from a PhotonJet micro-focus X-ray source at 100 K. The diffraction images were processed and scaled using the CrysAlisPro software [44]. Structure solution was obtained in Olex2 using ShelXT via intrinsic phasing [45]. Least squares refinement was performed by ShelXL [46]. The crystals of Pd(dppf)TPT were small and poorly diffracting. Diffraction to the IUCr “publishable limit” was not achievable, as is often the case for supramolecular metallacages. Completeness of the data set was less than 100%; however, this does not detract from the conclusions of this study, namely, that the desired metallacages were formed in the anticipated atomic arrangement.




3.10. Electrochemical Measurements


All electrochemical experiments were carried out using a BioLogic SP-200 or SP-300 potentiostat. Working and counter electrodes were sourced from CH Instruments, and reference electrodes were sourced from BASi. TBAPF6 was recrystallized three times from absolute ethanol, dried under vacuum, and used as the supporting electrolyte. The three-electrode cell consisted of a 3.0 mm glassy carbon-disc working electrode, a 0.5 mm diameter platinum wire counter electrode, and a non-aqueous Ag/AgNO3 reference electrode constructed of a 4.0 mm glass tube housing a 0.5 mm Ag wire submerged in a 100 mM TBAPF6 ACN electrolyte containing 10 mM AgNO3. All analyte solutions were prepared at the indicated concentrations in a 100 mM TBAPF6 electrolyte solution of dry DCM. Analyte solutions were placed under an inert N2 atmosphere, either by sparging or by conducting measurements in a glovebox. Sparged samples were prepared by bubbling N2 for 10 min prior to any measurements in order to degas the solvent, pre-bubbling through neat solvent to minimize analyte concentration changes. Positive N2 pressure was maintained in the headspace of the electrochemical cell for the duration of any data acquisition. The glassy carbon electrode was polished between each measurement performed on a given analyte solution while bubbling the analyte solution with N2 to maintain the air-free environment. Integrations to determine the charge passed in CV experiments were performed in BioLogic EC-Labs software. Linear regression fits were used to establish the baseline current before either the oxidative or reductive peaks were integrated.




3.11. UV-Vis Spectroelectrochemistry


UV-Vis spectroelectrochemistry experiments were conducted using a Pine Research WaveDriver 40 potentiostat/galvanostat and an Avantes AvaSpec UV-vis spectrophotometer. TBAPF6 was recrystallized three times from absolute ethanol, dried under vacuum, and used as the supporting electrolyte. Samples for measurement were prepared at 1.8 mM Fc, 1.8 mM Pd(dppf)Cl2, and 0.04 or 0.30 mM Pd(dppf)TPT in dry DCM (100 mM TBAPF6). The Pine Honeycomb UV-vis Spectroelectrochemical Cell (part# AB01STC1PT) consists of a built-in platinum honeycomb working electrode and two platinum counter electrode bands. A non-aqueous Ag/AgNO3 reference electrode was used, constructed of an Ag wire submerged in a 100 mM TBAPF6 ACN electrolyte containing 10 mM AgNO3. Samples were purged with N2 to deoxygenate before measurements. Spectra were recorded in a 1.7 mm quartz cuvette. Parameters for measurements included a 0.03 s integration time, a boxcar width of 10, and an averaging of 50 samples.




3.12. Diffuse Reflectance Spectroelectrochemistry


Diffuse reflectance spectroelectrochemistry experiments were conducted using a BioLogic SP-200 potentiostat and an Agilent 8453 UV-Vis diode array equipped with a Labsphere RSA-HP-8453 integrating light sphere. Sample preparation and electrochemical techniques were carried out under an N2 glovebox atmosphere. Diffuse reflectance spectra of samples after electrochemical techniques were acquired in open atmosphere and blanked on a bare FTO film. The counter electrode was sourced from CH Instruments, and the reference electrode was sourced from BASi. TBAPF6 was recrystallized three times from absolute ethanol, dried under vacuum, and used as the supporting electrolyte. Blank FTO films were prepared from the coated glass sheets and cut to approximately 40 × 14.5 × 2.5 mm. The analyte solution was 0.30 mM Pd(dppf)TPT in dry DCM with 100 mM TBAPF6. A three-electrode H-cell was assembled, with the two compartments separated by a glass frit. The working electrode compartment consisted of an FTO-coated glass slide as the working electrode, submerged in the analyte solution while stirred. The opposite compartment consisted of blank 100 mM TBAPF6 DCM electrolyte, the platinum mesh counter electrode, and the reference electrode. A non-aqueous Ag/AgNO3 reference electrode was used, consisting of an Ag wire submerged in a 100 mM TBAPF6 ACN electrolyte containing 10 mM AgNO3. Chronocoulometry was carried out at the indicated potentials for 30 min. The working electrode was then removed from the H-cell, rinsed with the blank electrolyte solution, and removed from the glovebox to record diffuse reflectance spectra of the electrodeposited film.





4. Conclusions


The synthesis of the novel complex Pd(dppf)bpy was supported by NMR, ESI-FT-ICR MS, and UV-Vis experiments. The Fc-centered absorption band was enhanced by a factor of 6.6 because of the coordination environment of dppf. CVs of Pd(dppf)bpy exhibited a pseudoreversible Fc-centered oxidation with no evidence of any coupled chemical mechanism. CVs acquired at reductive potentials exhibited irreversible PdII-centered waves, similar to CVs of Pd(dppf)Cl2, as well as a pseudoreversible bpy-centered reduction.



The previously reported self-assembled complex Pd(dppf)TPT was obtained cleanly, as evidenced by NMR, ESI-FT-ICR MS, and UV-Vis experiments. The Fc-centered absorption band was enhanced by 8.8-fold relative to that of Pd(dppf)bpy, suggesting supramolecular effects as the molar absorptivity of the band surpassed the sum of those of six monomeric analogs. The structure of Pd(dppf)TPT was determined crystallographically to confirm the expected TT topology of the 6 dppf-capped square planar Pd(II) metal centers, with the cis-coordinated TPT ligands occupying the alternating faces of the prism. CV measurements revealed evidence for a pseudoreversible Fc-centered oxidation, which is coupled to adsorption to the working electrode as a result of the decreased solubility of electrochemically generated oxidation products of Pd(dppf)TPT, giving rise to a second electrochemical oxidation event. We propose a mechanism wherein the initial Fc-centered oxidation is followed by an intermediate step in which the solubility of new oxidized species differs from the initial species, leading to adsorption onto the working electrode surface and the formation of films of partially-oxidized Pd(dppf)TPT. This modification of the working electrode is followed by a more complicated mechanism of electrochemical oxidation, which can likely be an implication of a fundamentally different electrode surface now being further oxidized at more positive potentials. Prolonged cycling of this oxidation chemistry results in depletion of all current, both oxidative and reductive, suggesting decomposition of the cage as evidenced by the lack of iron centers near the electrode. One possible explanation is that the remaining TPT building blocks fully passivate the electrode surface as it is non-redox-active within this potential window.



Overall, we have shown that the incorporation of multiple ferrocene centers into a discrete supramolecular cage directly influences the electrochemical reactivity of the species relative to free ferrocene. Understanding oxidation –reduction mechanisms and electron-transfer-induced changes of properties and reactivity of supramolecular assemblies is necessary to understand the electrochemical, chemical, and charge-transfer reactivity of such systems towards further developing their applications as multi-charge reservoirs for redox catalysis.
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Scheme 1. Fc-containing compounds and synthesis of Pd(dppf)bpy and Pd(dppf)TPT. 
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Figure 1. 31P{1H}-NMR spectra of Fc-containing compounds in D2-DCM. Each spectrum has been normalized to its respective singlet peak. 
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Figure 2. (a–c): Experimental (top, red) FT-ICR and simulated (bottom, black) mass spectra of: (a). [Pd(dppf)bpy−(PF6−)]1+, (b). [Pd(dppf)bpy−2(PF6−)]2+, (c). [Pd(dppf)TPT−3(PF6−)]3+. (d). Single crystal structure of Pd(dppf)TPT. Hydrogen atoms are omitted for clarity. 
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Figure 3. Cyclic voltammograms of Fc-containing compounds (5.0 mM Fc, 1.0 mM dppf, 1.0 mM Pd(dppf)Cl2, 1.0 mM Pd(dppf)bpy, 0.30 mM Pd(dppf)TPT at 100 mV∙s−1 in DCM (100 mM TBAPF6). Each voltammogram is taken from the second CV cycle, and the current shown for each voltammogram is normalized to the intensity of its respective Fc-centered (first) oxidation peak. 
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Figure 4. Cyclic voltammograms of Pd(dppf)TPT (0.30 mM) in DCM (100 mM TBAPF6) acquired within a fixed potential window; shown are the second cycles of each respective scan rate acquisition: (a). CV at a scan rate = 250 mV∙s−1. (b). CVs at varying scan rates (10–100 mV∙s−1); current is normalized to the scan rate (ν) by dividing by ν1/2. 
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Figure 5. (a). Cyclic voltammograms of Pd(dppf)TPT (0.30 mM) with varying potential window and scan rate (5-250 mV∙s−1) in DCM (100 mM TBAPF6).; current is normalized to the scan rate (ν) by dividing by ν1/2. (b). Cyclic voltammograms of Pd(dppf)TPT (0.10-0.30 mM) at 10 mV∙s−1 in DCM (100 mM TBAPF6); the inset shows a plot of ChargeRed/ChargeOx vs. ν1/2. Each voltammogram is taken from the second CV cycle. 
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Figure 6. (a). Diffuse reflectance spectra of FTO working electrodes modified with adsorbed Pd(dppf)TPT following electrolysis at the indicated potential. Spectra are normalized to the 527 nm absorbance band of the native Pd(dppf)TPT species. (b). Cyclic voltammograms (50 total cycles) of 0.30 mM Pd(dppf)TPT in DCM (100 mM TBAPF6) at a scan rate of 10 mV∙s−1. Alternating cycles have been omitted for clarity. 
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