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Abstract

:

Manganese(II) complexes with phenanthroline derivatives modified with different substituents were synthesized and incorporated into Nafion layers covering the surfaces of glassy carbon electrodes and were studied electrochemically. Formal potentials and apparent diffusion coefficients were calculated and discussed. The suitability for electrocatalytic oxidation of ascorbic acid and glycolic acid was examined. The surfaces of modified electrodes were characterized using atomic force microscopy.
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1. Introduction


Mn ion complexes are one group of compounds that play an important role in catalysis [1,2,3,4]. They have found use as mediators of chemical reactions and act as selective receptors. For this reason, interest in the synthesis of Mn ion complexes to study their structural, chemical, electrochemical and oxidative properties has developed and continues to grow [5,6,7]. However, the problems of separating the catalyst from the reaction products and regenerating its active form are causing research to shift from homogeneous catalysis toward heterogeneous catalysis and electrocatalysis [8,9,10,11,12,13,14]. Catalysts are immobilized in inorganic materials [10] and in polymers [11,12]. This is a step toward increasing mediator stability and developing electrochemical sensors [14].



One of the methods used for the immobilization of electroactive complexes on an electrode surface for electrocatalytic purposes is incorporating them into a layer of an organic polymer [15,16,17,18,19]. One of them is a perfluorosulfonic polymer, commercially called Nafion® (Scheme 1) (the registered trademark of E.I DuPont de Nemours), developed in 1962. Since then, it has found many applications [15,20,21] due to the ease of membrane preparation and its high chemical and thermal stability. Its chemical structure contains a hydrophobic perfluorocarbon backbone and hydrophilic perfluorosulfonic vinyl ether side chains. The hydrophilic segments form in Nafion membrane clusters where cationic substances can be firmly kept as the acid groups and can easily exchange hydrogen ions with other cations [22].



Charge transport through modified Nafion membranes can occur due to the physical diffusion of incorporated cations, electron hopping between redox centers or the movement of the supporting electrolyte [23,24]. The transport is influenced by the saturation of the membrane with a cation and its hydrophilicity. High saturation, especially with big hydrophobic complex cations, impedes the physical diffusion of the complex due to the dehydration of the membrane [25,26]. In such a case, however, there is still the possibility of an electron hopping from one reduced molecule to an adjacent oxidized one [27].



In our previous papers, we reported on the modification of a platinum electrode with a salen-type complex [28,29] and glassy carbon electrode surfaces with manganese complexes of unsubstituted 1,10-phenanthroline immobilized in a Nafion layer [30,31]. We examined their stability and the charge transport through the layer and calculated the apparent diffusion coefficients. These electrodes were used in electrocatalytic processes. In this paper, we extend the research to include some 1,10-phenanthroline derivatives in order to examine the influence of ligand substituent on electrode stability, diffusion coefficients and usefulness in electrooxidation processes (scheme of an example complex in ESI, Scheme S1).



The choice of ligands was motivated by the need to obtain manganese complexes that are as stable as possible (free Mn(III) ions in aqueous solution undergo disproportionation reactions in very significant amounts), are catalytically interesting and form cationic complexes. Phenanthroline and its derivatives are among the ligands that meet these criteria. The hard donor centers form chelate complexes with Mn(III) ions, a hard Lewis acid, and thus stabilize thermodynamically unstable ions. This is measured by the rather significant values of the formation constants [32] and data in the literature showing their stability [33,34,35]. Manganese complexes with phenanthroline show catalytic properties [36,37,38], giving hope to their application in heterogeneous electrocatalysis. In addition, they enable good binding to Nafion, which is caused by the proton exchange of the sulfonic groups of the cation-exchange polymer into positive complex ions.



Ascorbic acid and glycolic acid were chosen as reductants. The choice of ascorbic acid was driven by the very well-described mechanism of its catalytic oxidation in the literature [39,40], resulting from the very high interest in this compound. Ascorbic acid has been studied for a long time [39,40] and is still an object of catalytic research [41,42]. In the presence of various catalysts, the catalytic oxidation processes are stable, giving hope for a measurable electrocatalytic effect. The catalytic aspect of the second reductant is less studied, and the results we obtained can contribute to enriching these data.




2. Results and Discussion


2.1. Cyclic Voltammetry


The electrochemical activity and stability of the electrodes were tested through the use of long-term scanning in the potential range from 0.3 to 1.2 V vs. SCE in 0.1 M potassium nitrate aqueous solution. After an initial decrease, the peak currents became stable (maximally after 20 scans). This decrease may be due, first, to the swelling of dry Nafion caused by moisture [43]. It increases its volume and, as a consequence, decreases the concentration. This was confirmed by soaking the electrode in 0.1 M potassium nitrate water solution for ca. 20 min before the measurement, and then, the decrease was less distinct. Secondly, at the initial stage during the conditioning process, a series of processes forced by the electroneutrality requirement occur until equilibrium is reached. Then, the electroneutrality requirement during oxidation and reduction processes is ensured only by the flow of nitrate(V) anions.



Figure 1 shows examples of the voltammetric curves recorded for [Mn(4-CH3-phen)2(H2O)2](ClO4)2 at scan rates ranging from 1 to 500 mV s−1. For all the redox couples under investigation, significant irreversibility is observed, and the peak potential difference (ΔEp = Epa − Epc) changes with an increasing scan rate in the applied range from 140 to 380 mV (Figure 1b). Up to 20 mV s−1, the redox couples are quasi-reversible, and at higher rates, they become irreversible. For each of the ligands used, the recorded currents are higher for [MnL2]2+ than for [MnL3]2+ complexes (Figure 1c). In each case in plots Ipa = f(v1/2), a linear interval is to be found, and this dependence is described in the Randles–Sevcik equation, which is valid for irreversible systems [44].



[MnL2]2+ complexes show a greater range of linearity, which may suggest higher kinetic constraints for [MnL3]2+ complexes.



Cyclic voltammetry measurements on the microelectrode were limited to low scan rates. Despite this fact, we did not reach the conditions of dominant spherical diffusion, which would be observed on voltammetric curves as constant current). At low scan rates (up to ca. 10 mV s−1), one can observe the comparable contribution of linear and spherical diffusion (mixed diffusion conditions).



Formal potentials were calculated based on the voltammetric curves recorded for scan rates where the redox couples were irreversible using the polarization curve method, which is suitable for such processes [45]. Exemplary voltammetric curves and polarization curves are presented in Figure 2a,b. In Table S1, ESI summarizes the calculated data for all the complexes under investigation.



The obtained Ef0 values are lower than those found in the aqueous solutions of the corresponding complexes [32]. It reflects some interactions between the complexes and Nafion, and the difference in formal potentials may act as a measure of the strength of these interactions. They are strongest for complexes with nitro-derivative (with the formal potential lowering by 220 mV) and non-substituted phenanthroline (190 mV), and in the case of the other complexes, the lowering in values is 90–95 mV. The interactions are not very strong but distinct enough to bring additional stabilization to the thermodynamically unstable Mn(III) ions.



The transfer coefficients were calculated from equations valid for irreversible processes [45] using the voltammetric data recorded at scan rates where the linearity of dependence Ipa = f(v1/2) is kept. Epa − Epa/2 values were obtained using the analytical methods included in the AUTOLAB software package.



The calculated values of the anodic transfer coefficients are quite similar for different complexes, ranging from 0.47 to 0.54, and are slightly higher for [MnL2]2+ complexes, which is most likely due to the smaller steric effect caused by the smaller number of ligands.



The diffusion coefficients were calculated based on the Randles–Sevcik equation and data calculated earlier. The results are summarized in the Section 2.3.



Disproportionation Constants


The shape of the curves recorded for the complexes under investigation immobilized in the Nafion layer on the GC electrode surface is similar to those registered for aqueous solutions of the same objects with a pH ca. 3.0 [32]. The well-shaped peak observed in the anodic part is attributed to one-electron oxidation. The peak shifts toward higher potentials with an increasing scan rate (Figure 1a). The cathodic part shows a broadened peak, which, with increasing scan rates, shifts slightly towards negative potentials and changes its shape. The cathodic peak is lower than the anodic one, and the difference is greater the lower the scan rate is. This is typical behavior for an electrode process with the following disproportionation reaction:
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The cathodic part of the voltammetric curve depicts the reduction of Mn(III) as well as MnO2. The reduction of MnO2 occurs at lower potential, and both processes partly overleap, which is observed as a broadening of the whole reduction peak. For free or weakly coordinated manganese ions, the manganese(IV) dioxide reduction peak is dominant. On the contrary, in the case of stable Mn(III) complexes, disproportionation equilibrium efficiently shifts left, and MnO2 reduction is observed only as a broadening of the Mn(III) reduction peak. Then, from the voltammetric measurements at different scan rates, one can calculate the rate constants of the disproportionation process following the electrode process [45]. For each scan rate, the ratios of anodic and cathodic peak currents were calculated, and for each of them, the kinetic parameter ϖ [44] was found, where ϖ is defined by the following equation:


  log ϖ = log (  k 1   c 0  τ ) + 0.047 ( a τ − 4 )  



(1)




where aτ is for processes where the oxidized form undergoes disproportionation:


  a τ =   n F   R T   (  E λ  −  E f 0  )  



(2)







c0 represents the complex concentration in the layer, k1 represents the disproportionation constant,    E f 0    represents the formal potential, Eλ represents the vertex potential, and v represents the potential scan rate.



The values of    k 1   c 0  τ   were calculated from Equation (1) and k1 values from the slope d   k 1   c 0  τ  /dτ. The results are summarized in Table 1.



Disproportionation decreases the durability of the electrode and diminishes its usefulness in electrocatalysis. Taking this into account, complexes of lower k1 values would be preferred, which are generally observed for [MnL3]2+ complexes, which means that manganese(III) ions are better stabilized by three rather than two molecules of phenanthroline derivative ligands.





2.2. Chronocoulometry and Chronopotentiometry


In the case of chronocoulometric measurements registered on a conventional electrode, only linear diffusion takes place, even at higher pulse times, because the surface area of the electrode is much larger than the thickness of the layer. Then, the Cottrell equation [46] is valid, and from the slope of the relationship Q = f(t1/2), the integrated Cottrell equation, known as the Anson equation, apparent diffusion coefficients could be calculated. Exemplary curves are presented in Figure 3a,b. The results are summarized in Table 2.



In the case of a microelectrode, the thickness of the layer (ca. 50 μm) is comparable to the electrode diameter, enabling the possibility of coulometric measurements under two time regimes. For a short pulse time (from 0.01 to 0.40 s), linear diffusion was dominant, and the Cottrell equation was used as described above for a conventional electrode. For time pulses longer than 0.40 s, additional spherical diffusion takes place. At the beginning of the measurement, the Cottrell reaction is valid, and the slope Q/t1/2 can be calculated. At the end of the same measurement, diffusion develops a spherical character, and the charge depends linearly on time:


  Q = 4 n F  c 0  D r t  



(3)







And the Q/t value can be calculated directly from the slope of the terminal part of the chronocoulometric plot. From the system of Equations (4) and (5), one can obtain the diffusion coefficient and active complex concentration:


  D =     ( Q / t )  2  π  r 2    4   ( Q /  t  1 / 2   )  2     



(4)






   c 0  =     ( Q /  t  1 / 2   )  2    n F π  r 3  ( Q / t )    



(5)







The results are summarized in Table S2, ESI and Table 2. The calculated concentrations are in good agreement with the values estimated from the approximate layer density, although most of the values are lower than 3.8·10−2 mol dm−3, which may be caused by some loss of the complex during conditioning processes. Additionally, Nafion is an inhomogeneous medium, and a small percentage of complexes may stay entrapped in a region, excluding them from charge transport. Additionally, even at relatively long pulse times, diffusion does not have a purely spherical character, which can affect the accuracy of calculations.



The chronopotentiometric curves recorded for all the modified electrodes in 0.1 M potassium nitrate (Figure S1) show one-step oxidation of the complex immobilized in the Nafion layer. The curves are not well shaped and difficult to interpret, and all the data calculated on their basis may have only an approximate character. Nevertheless, it should be noted that at a constant complex concentration, the factor Iτ1/2 increases with increasing current (Table S3, ESI), confirming the chemical reaction following the electrode process, thus confirming the disproportionation of Mn(III) complexes.



The curves enable an evaluation of the anodic transfer coefficient (1−α)n(1−α) of the anodic form [45]. Despite the shape of the chronopotentiometric curves, the obtained values are in good agreement with those from the cyclic voltammetry measurements. The lack of fixed Iτ1/2 values makes chronopotentiometry unsuitable as another method for determining the diffusion coefficient.




2.3. Diffusion Coefficients Discussion


Table 2 below summarizes the diffusion coefficients received as described above. The precise estimation of diffusion coefficient values is difficult, even in homogenous solutions where an accuracy of 50% is considered good. Nafion has a complex, inhomogeneous and not quite well-known structure, so the accuracy must be even lower; hence, values of the same order, obtained through the use of four different methods, should be seen as satisfactory. The performed error calculation giving values of the order of 0.2 × 10−8–0.7 × 10−8 for DRed values from ~10−8 to ~5 × 10−8 mol cm−2 provides the basis for considering the diffusion coefficient values as verified.



Each of the methods has some disadvantages. Methods 1 through 3 rely on estimating the concentration of the complex in the layer, which does not take into account some loss of electroactive material during the conditioning process and is based on the density of unmodified Nafion. The 4th method avoids the problem and seems to be the most reliable despite the fact that, in this study, precise results were determined by achieving the conditions of dominant spherical diffusion, which was not always fulfilled.



Low accuracy makes it difficult to relate the diffusion coefficient values with other characteristics of the complexes or layers. Nevertheless, we can come to some qualitative conclusions. The order of Deff values indicates that charge transport is a result of complex ion diffusion rather than electron hopping (Deff values ranging from 10−7 to 10−9 mol cm−2 are attributed to physical diffusion [47]). Furthermore, complexes are stable in the Nafion layer, and the whole complex ions, not free manganese ions, undergo a diffusion process; otherwise, the Deff values would be an order higher, which could also be confirmed by the fact that diffusion coefficients for the [MnL2(H2O)2]2+ complexes are higher than those of the corresponding [MnL3]2+ complexes. Physical transport of the latter, which is larger and has a higher hydrophobicity, is more difficult in the relatively dense Nafion environment. Significantly low Deff values possess complexes with 5-nitophenanthroline, the most hydrophobic of the ligands under investigation. The highest values are shown by complexes with methyl substituent in ligand molecules despite the fact that the methyl group can cause steric hindrance, which can be explained by its more hydrophilic nature and different interactions with Nafion.




2.4. Electrocatalytic Activity against Reducing Agents


Electrocatalytic activity against ascorbic acid and glycolic acid was checked. None of them undergoes oxidation on the electrode modified with Nafion (in the absence of any manganese complexes). Voltammetric curves recorded for each modified electrode in 0.1 M potassium nitrate were compared with those recorded in aqueous solutions of the reductant (10−3 M) with potassium nitrate (0.1 M). Catalytic activity should be seen as an increase in the anodic peak, and an increase in anodic current was taken as a measure of catalytic activity. Table 3 presents the results. Example curves are shown in Figure 4 and Figures S2–S6.



Apart from the increase in the anodic peak, one can also observe other changes in the voltammetric curves: the anodic peaks shift towards more positive potentials as a result of weakening of the interactions between the complex and Nafion, and the cathodic peaks become narrower and higher in their frontal part, especially for [MnL2(H2O)2]2+ complexes, suggesting that the disproportionation product MnO2 also takes part in the oxidation of the reducing agent, Mn(III) ions are additionally stabilized by the reductant molecules and disproportionation constants are lower in such an environment.



Higher complex formation constants are advantageous in terms of the durability of the electrode; however, the presented data show that catalytic activity, taken as the relation of peak currents in the presence and absence of a reducing agent, changes in the opposite direction, and more stable complexes exhibit lower catalytic activity. The probable reason is the fact that the reductant used is involved in the simultaneous complexation of a manganese ion before electron exchange, which is easier the less stable the complex is. An additional argument in favor of this thesis is the shifting of the anodic peak potential towards more positive potentials in the presence of the reducing agent.




2.5. Microscopic Surface Characteristic


The modified electrodes were scanned using atomic force microscopy (AFM). A series of measurements were made for the glassy carbon electrode modified with Nafion without any complexes (Figure 5), the electrode modified with Nafion with an immobilized complex directly after the drying process before any measurements (Figure 6), and finally, for the same electrode after the conditioning process via voltammetric scanning Figure 7. Figure 8 also presents an exemplary three-dimensional picture of one of the modifying layers.



Modifying layers possess a structurally heterogeneous topography (Figure 5). The distribution of the complex in the layer is distinctly heterogeneous, and in the picture, one can observe clusters as well as areas that are virtually empty (Figure 6). This observation is in agreement with studies on the structure of Nafion, which shows domains of extremely different hydrophilicity, influencing their affinity toward incorporated complex particles [48,49]. The comparison of the layers before (Figure 6) and after the conditioning process (Figure 7) shows some loss of material from the layer, but this is not important enough to explain the decrease in the observed peak, which points to other causes of the decrease.





3. Materials and Methods


3.1. Apparatus


Microanalyzer EDX Link 300 ISIS, Oxford Instruments, was used for energy-dispersive X-ray (EDX) analysis (determination of carbon, oxygen, chlorine and manganese).



All of the electrochemical measurements (cyclic voltammetry, chronocoulometry, chronopotentiometry) were carried out using the AUTOLAB (Eco Chemie) system in a three-electrode cell consisting of a modified glassy carbon electrode as the working electrode, a saturated calomel electrode (SCE) as the reference electrode and a perforated gold sheet as the auxiliary electrode.



Two glassy carbon electrodes (GCEs) were applied for modification: a conventional disc electrode (0.0685 ± 0.0007 cm2) and a microelectrode ((7.22 ± 0.08)·10−4 cm2). Their accurate sizes were determined earlier [30]. The GCE surfaces were conditioned by fine polishing before each coverage. No other pretreatments for the bare electrodes were carried out.




3.2. Reagents


Nafion®117 (~5% in a mixture of lower aliphatic alcohols and water) was purchased from Fluka, ligands (L), i.e., 1,10-phenanthroline (phen) and all the derivatives (4-methyl-, 5-methyl-, 5-chloro-, 5-nitro-, 4,7-dimethyl-, 5,6-dimethyl- and 2,9-dimethyl-1,10-phenanthroline) were obtained from Aldrich. Mn(ClO4)2⋅6H2O, glycolic acid and ethanol were obtained from Fluka. Ascorbic acid and Eriochrome Black T were obtained from POCh Gliwice (Gliwice, Poland). All of the reagents were used as received. Triple-distilled water was used throughout.



The solid complexes were synthesized and analyzed previously [30]. The chemical constitution of the complexes was confirmed using EDX analysis (exemplary spectra for [Mn(4-CH3-phen)2(H2O)2](ClO4)2 and [Mn(4-CH3-phen)3](ClO4)2 are presented in Figure 9), as well as through the use of colorimetry and complexometric titration of manganese(II) with EDTA in the presence of ascorbic acid as an antioxidant and Eriochrome Black T as an indicator. Similar to unsubstituted 1,10-phenanthroline, it was possible to receive complexes containing two or three ligand molecules in one complex ion, where, in the first case, two coordination sites are occupied by water molecules. The method of synthesis failed for 2,9-dimethyl-1,10-phenanthroline, which may be a result of very strong steric hindrance in the ligand molecule.



There are two ways to perform electrode modifications with a complex immobilized in a Nafion layer [50]. The first one, involving the preparation of a layer of Nafion and immersing the electrode in a solution of a complex to enter the polymer layer, was unsuitable in this case, as manganese–phenanthroline complexes are practically insoluble in water. One can obtain solutions of 1 mM in ethanol or mixtures of water/acetonitrile, but in these solvents, Nafion is partly soluble and does not adhere to the electrode material. This fact restricts the means of modifying the electrode surface to the second method, where the polymer and complex solutions are mixed previously and then put onto the surface of the electrode. We tested different proportions of Nafion and complex, and after initial examination for further research, we used the mixture that consisted of 3 parts by volume of the commercial Nafion solution and 7 parts by volume of the 1 mM ethanol complex solution. The resulting solution was poured onto the electrode surface (25 μL on conventional disc electrode and 3 μL on microelectrode). After the evaporation of well-adhering solvents, a transparent layer that completely covered the glassy carbon discs was formed. Higher complex concentration caused cracking in the layer, while lower ones gave indistinct responses on voltammograms. The concentration of complexes in the Nafion layer was evaluated at 3.8·10−2 mol dm−3, supporting the commonly taken density of wet Nafion 117 membrane, which is equal to 1.58 g cm−3 [51], on the assumption that the addition of the complex does not significantly influence the density of the ready film. The density reported later relating to the fully exchanged and water-treated Nafion film of ca. 1.90 g cm−3 [52] concerns less hydrophobic species than phenanthroline manganese complexes and the use of another method of film preparation, leading to the lower loading of the film. This assumption was verified experimentally (Section 0).





4. Conclusions


The incorporation of manganese complexes with phenanthroline derivatives into Nafion lowers the formal potentials of Mn(III)/Mn(II) coupling in comparison to similar systems in aqueous solutions, making manganese(III) ions more stable in a Nafion environment. The formal potentials, however, are still high enough to preserve the oxidizing properties of Mn(III), and such modified electrodes can be regarded as potential electrocatalysts. The stabilization of Mn(III) is better (because of the lower formal potentials) in complexes where all the coordination sites are occupied by phenanthroline-derivative ligands.



The calculated diffusion coefficients indicate that charge transport through the layer occurs due to the physical diffusion of complex ions. The rate of diffusion depends on the hydrophilicity of the complex and its interactions with Nafion. In general, complexes with two water molecules in their coordination sphere diffuse more easily than those with a coordination sphere saturated with phenanthroline-derivative molecules.



The suitability of modified electrodes for electrocatalytic oxidation depends on different factors. The 1:2 complexes are more easily transported through the membrane, and the redox centers seem to be more accessible to the reducing agent. However, 1:3 complexes are more stable, and the difference in catalytic effect, as compared to 1:2 species, is not significant. This suggests that complexes with coordination sites saturated with phenanthroline-derivative ligands are more convenient for electrocatalytic oxidation.
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Scheme 1. Nafion [23]. 
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Figure 1. Cyclic voltammograms for [Mn(4–CH3–phen)2(H2O)2](ClO4)2 immobilized in Nafion layer on conventional GCE immersed in aqueous potassium nitrate (0.1 mol dm−3) recorded at different scan rates (v = 4, 5, 7, 10, 20, 30, 40, 50, 70, 100, 120, 150, 200, 250, 300, 400 and 500 mV s−1); 25 °C (a). Peak potential difference vs. scan rate ((b) ●) and anodic current vs. the root of scan rate ((c) ●) in comparison to the data obtained for [Mn(4–CH3–phen)3](ClO4)2 (▲); T = 295 K. 
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Figure 2. (a) Exemplary voltammetric curve recorded for [Mn(5–Cl–phen)3](ClO4)2 immobilized in Nafion layer on conventional GCE immersed in potassium nitrate (0.1 mol dm−3) at a scan rate of 20 mV s−1, T = 295 K, (b) and the polarization curves calculated on its basis. 
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Figure 3. Exemplary chronocoulometric curve for conventional GCE modified with [Mn(4–CH3–phen)2(H2O)2](ClO4)2 immobilized in Nafion layer (a) recorded in 0.1 mol dm−3 aqueous potassium nitrate with corresponding Q = f(t1/2) relationship for the first step (b); T = 295 K. 
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Figure 4. A comparison of chronovoltammetric curves recorded for an electrode modified with [Mn(4–CH3–phen)2(H2O)2](ClO4)2 immobilized in Nafion layer on GCE in potassium nitrate solution (grey line) and potassium nitrate with addition of ascorbic acid (black line) and glycolic acid (dashed line), scan rate 50 mV s−1, T = 295 K. 
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Figure 5. Surface profiles of a glassy carbon electrode covered with an unmodified Nafion layer at different scales: (a) 4000 × 4000 nM, (b)1000 × 1000 nM. 
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Figure 6. Surface profiles of a glassy carbon electrode covered with a Nafion layer modified with [Mn(5-CH3-phen)3](ClO4)2 after the drying process before any measurements at different scales: (a) 5000 × 5000 nM, (b) 2000 × 2000 nM. 
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Figure 7. Surface profiles of a glassy carbon electrode covered with Nafion layer modified with [Mn(5-CH3-phen)3](ClO4)2 after the conditioning process (scanning in the potential range from 0.3 to 1.2 V vs. SCE in potassium nitrate aqueous solution, 0.1 mol dm−3) at different scales: (a) 6000 × 6000 nM, (b) 3000 × 3000 nM. 
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Figure 8. Topography of a glassy carbon electrode covered with a Nafion layer modified with [Mn(5-CH3-phen)3](ClO4)2 after the conditioning process (scanning in the potential range from 0.3 to 1.2 V vs. SCE in potassium nitrate aqueous solution, 0.1 mol dm−3). 
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Figure 9. X-ray spectra of the complexes: [Mn(4-CH3-phen)2(H2O)2](ClO4)2 (a), [Mn(4-CH3-phen)3](ClO4)2 (b). 
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Table 1. Disproportionation constants k1 of the oxidized forms of the complexes.
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	Complex
	k1/dm3 mol−1 s−1
	Complex
	k1/dm3 mol−1 s−1





	[Mn(4-CH3-phen)2(H2O)2]3+
	41.6 ± 0.8
	[Mn(4-CH3-phen)3]3+
	21.7 ± 0.4



	[Mn(5-CH3-phen)2(H2O)2]3+
	52.5 ± 0.8
	[Mn(5-CH3-phen)3]3+
	34.8 ± 0.6



	[Mn(5-Cl-phen)2(H2O)2]3+
	20.5 ± 0.4
	[Mn(5-Cl-phen)3]3+
	4.6 ± 0.2



	[Mn(5-NO2-phen)2(H2O)2]3+
	4.6 ± 0.2
	[Mn(5-NO2-phen)3]3+
	7.3 ± 0.3



	[Mn(4,7-CH3-phen)2(H2O)2]3+
	61.2 ± 0.9
	[Mn(4,7-CH3-phen)3]3+
	54.8 ± 0.8



	[Mn(5,6-CH3-phen)2(H2O)2]3+
	112.7 ± 1.2
	[Mn(5,6-CH3-phen)3]3+
	33.3 ± 0.6










 





Table 2. Comparison of diffusion coefficients of manganese complexes with phenanthroline derivatives (DRed/mol cm−2) determined via cyclic voltammetry (cv) and chronocoulometry (cc) measurements recorded on a conventional electrode or on a microelectrode under linear or mixed diffusion conditions.
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	Complex
	cv

Conventional Electrode
	cc

Conventional Electrode
	cc

Microelectrode

Linear Diffusion
	cc

Microelectrode

Mixed Diffusion





	[Mn(4-CH3-phen)2(H2O)2]2+
	4.8 × 10−8
	3.3 × 10−8
	2.3 × 10−8
	4.5 × 10−8



	[Mn(4-CH3-phen)3]2+
	4.1 × 10−8
	2.4 × 10−8
	5.7 × 10−8
	4.4 × 10−8



	[Mn(5-CH3-phen)2(H2O)2]2+
	4.7 × 10−8
	2.8 × 10−8
	4.9 × 10−8
	3.8 × 10−8



	[Mn(5-CH3-phen)3]2+
	4.0 × 10−8
	2.7 × 10−8
	5.9 × 10−8
	2.6 × 10−8



	[Mn(5-Cl-phen)2(H2O)2]2+
	2.5 × 10−8
	2.7 × 10−8
	3.3 × 10−8
	2.7 × 10−8



	[Mn(5-Cl-phen)3]2+
	1.7 × 10−8
	3.8 × 10−8
	3.0 × 10−8
	2.3 × 10−8



	[Mn(5-NO2-phen)2(H2O)2]2+
	1.6 × 10−8
	2.1 × 10−8
	3.1 × 10−8
	2.1 × 10−8



	[Mn(5-NO2-phen)3]2+
	0.6 × 10−8
	3.0 × 10−8
	3.0 × 10−8
	2.6 × 10−8



	[Mn(4,7-CH3-phen)2(H2O)2]2+
	2.4 × 10−8
	2.6 × 10−8
	2.5 × 10−8
	3.4 × 10−8



	[Mn(4,7-CH3-phen)3]2+
	2.2 × 10−8
	2.4 × 10−8
	2.8 × 10−8
	3.1 × 10−8



	[Mn(5,6-CH3-phen)2(H2O)2]2+
	2.3 × 10−8
	3.2 × 10−8
	2.3 × 10−8
	4.7 × 10−8



	[Mn(5,6-CH3-phen)3]2+
	2.1 × 10−8
	4.1 × 10−8
	2.1 × 10−8
	4.1 × 10−8







Errors ranging from 0.2 × 10−8 to 0.7 × 10−8 mol cm−2 are omitted to simplify the table.













 





Table 3. The influence of the addition of different reductants on voltammetric responses of electrodes modified with different complexes immobilized in Nafion layer; scan rate, 50 mV s−1.
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Complex

	
Increase in Anodic Peak High [%] in 10−3M Solution of

Glycolic Acid Ascorbic Acid

	
Shift of Anodic Peak Potential [V]

in 10−3M Solution of

Glycolic Acid Ascorbic Acid






	
[Mn(4-CH3-phen)2(H2O)2]2+

	
112

	
125

	
0.018

	
0.093




	
[Mn(4-CH3-phen)3]2+

	
116

	
139

	
0.025

	
0.081




	
[Mn(5-CH3-phen)2(H2O)2]2+

	
111

	
123

	
0.035

	
0.045




	
[Mn(5-CH3-phen)3]2+

	
112

	
129

	
0.018

	
0.044




	
[Mn(5-Cl-phen)2(H2O)2]2+

	
115

	
128

	
0.013

	
0.048




	
[Mn(5-Cl-phen)3]2+

	
120

	
164

	
0.045

	
0.040




	
[Mn(5-NO2-phen)2(H2O)2]2+

	
119

	
130

	
0.088

	
0.026




	
[Mn(5-NO2-phen)3]2+

	
123

	
173

	
0.004

	
0.013




	
[Mn(4,7-CH3-phen)2(H2O)2]2+

	
102

	
113

	
0.013

	
0.057




	
[Mn(4,7-CH3-phen)3]2+

	
106

	
131

	
0.027

	
0.044




	
[Mn(5,6-CH3-phen)2(H2O)2]2+

	
104

	
121

	
0.099

	
0.084




	
[Mn(5,6-CH3-phen)3]2+

	
108

	
134

	
0.034

	
0.045
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