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Abstract: The aim of this study was to investigate biomimetic activity of water-soluble 

manganese porphyrin complexes with a series of meso-substituents of the porphyrin macrocycle 

in the electrocatalytic reduction of hydrogen peroxide in aqueous solutions and to obtain 

information on possible intermediates, processes, and mechanisms. Mn porphyrins were 

compared in the process of the electrocatalytic reduction of hydrogen peroxide at pH 4, 7.4, and 

10 in the deoxygenated solutions and in the presence of oxygen. The highest sensitivity, defined 

as the reduction current increase in relation to the concentration of hydrogen peroxide, was 

found in the case of Mn(III) meso-tetra(N-methyl-4-pyridyl) porphyrin, MnTMPyP, in alkaline 

2.910-2 A M-1 and acidic 1.610-2 A M-1 solutions in the presence of oxygen. The reduction 

currents at pH 7.4, 10, and 4 in the presence of H2O2 were about 4, 7, and 12 times higher, 

respectively, in the solutions with the MnTMPyP complex than those at a GCE without a 

porphyrin complex in the solution. The electrocatalytic reduction of hydrogen peroxide occurs 

in parallel with an oxidative degradation of the porphyrin catalyst depending on the conditions 

of the experiment and was most significant in the presence of oxygen. The effect of the 

functional substituents at the meso-positions of a porphyrin ligand on the electrocatalytic 

activity of the water-soluble Mn(III) porphyrins complexes is discussed and reaction 

mechanisms are proposed. 

 

Keywords: manganese porphyrin, electrocatalytic reduction, hydrogen peroxide, oxygen, 

biomimetic activity  

 

1. Introduction. 
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Recently, there has been growing research interest in the detection of hydrogen peroxide 

and in understanding the mechanisms of the reactions with the participation of hydrogen 

peroxide because of the established role of hydrogen peroxide in biological signaling, oxidative 

stress conditions, and oxidative therapy [1, 2]. Moreover, hydrogen peroxide is attracting 

considerable attention in industrial and ecological applications, where it is a sustainable energy 

carrier in hydrogen peroxide fuel cells [3], an oxidant in catalytic epoxidation [4], organic 

pollutant degradation [5], and disinfection. Redox processes with the participation of hydrogen 

peroxide are often (electro)catalyzed by metal complexes. 

In biological systems, iron, iron-copper, copper, and manganese active-site complexes 

mediate oxidation/oxygenation reactions using O2 and H2O2 as the terminal oxidants reducing 

oxygen and hydrogen peroxide, respectively, while in a photosynthetic process a reverse 

process of water oxidation to oxygen takes place [6, 7]. There have already been studies of these 

biological processes in aqueous solutions, aimed at understanding the reaction mechanisms and 

intermediates of these biocatalytical transformations. In parallel, simpler metal complexes are 

being explored as biomimetic catalyst models to carry out oxidation/oxygenation reactions. 

Porphyrins were the ligands of choice to build the biomimetic metallocomplex catalysts in these 

studies because of their versatile role as biological ligands in nature, the possibility of fine 

tuning the environment of the central metal ion due to the electron withdrawing/donating and 

steric properties of the substituents of the porphyrin macrocycles, as well as the molecular 

association conditions. Most studies on the electrocatalysis of oxygen and hydrogen peroxide 

reduction with metal complexes of the N4-macroheterocycles have been performed on iron, e.g. 

hemin, and cobalt complexes [7-16]. Accordingly, biomimetic binding and activation of the 

reduction of hydrogen peroxide are believed to have common metal-oxygen intermediates [7]. 

Investigations have been also performed with the metalloporphyrins and related compounds 

confined to the solid-state surfaces, with carbonaceous materials often being the materials of 

choice [9, 17-19]. However, the solid support can perform the role of an axial ligand affecting 

the properties of the metal center and, therefore, the reaction mechanisms of the 

metalloporphyrins in confined states and in liquid media could be different [9, 20]. 

Along with studies on the iron and cobalt complexes, there is growing research interest 

in the manganese N4-macroheterocyclic complexes and in understanding their interactions with 

oxygen and hydrogen peroxide for their future utilization as active biomimetic components in 

a wide spectrum of (electro)catalytic systems in the fields of biology and therapy [7, 21-25], 

signaling, and oxidative stress conditions in plants [26] and higher organisms, chemistry [27], 

electroanalysis [18, 28-31], and sustainable energy research [32, 33]. Interest in the 
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investigation of the catalytic properties of manganese complexes is associated with their 

essential role in biological processes in the composition of manganese-containing catalases, in 

PS II, and also with the ability of the manganese ion to change its oxidation state from +2 to +7 

[34]. Although there have been some investigations of the electrochemical properties of the 

manganese porphyrin complexes in organic media [7, 8, 35-38], or confined to the solid-state 

surface [17, 39], studies on their properties in aqueous media and the catalysis of 

electroreduction of dioxygen by manganese porphyrin complexes remain very limited [5, 40-

50]. Moreover, the process of hydrogen peroxide electrocatalytic reduction is complicated by 

the oxygen reduction occurring simultaneously in the presence of oxygen and by the oxidation 

of Mn(III) complexes by hydrogen peroxide in solutions as in non-electrochemical conditions 

[34, 51]. 

The aim of this study is to investigate an electrocatalytic reduction process of hydrogen 

peroxide with water-soluble manganese porphyrin complexes with a series of meso-substituents 

of a porphyrin macrocycle and to obtain information on possible intermediates, processes, and 

mechanisms. The electrocatalytic reduction of hydrogen peroxide occurs simultaneously with 

a chemical interaction between hydrogen peroxide and manganese porphyrins. The interactions 

are investigated at physiological pH, since they are of importance for the development of in 

vivo and in vitro sensors as well as for enzyme mimic studies. The system is compared with 

acidic and alkaline media, where different products and mechanisms of chemical and 

electrochemical interactions are proposed and discussed. 

 

2. Experimental 

 

2.1. Reagents and solutions. 

 

Mn(III) meso-tetra(4-carboxyphenyl) porphine chloride, Mn(III) meso-tetra(4-

sulfonatophenyl)porphine chloride, Mn(III) meso-tetra(N-methyl-4-pyridyl) porphine 

pentachloride, Fig. 1a, with a purity of >95 % were obtained from Frontiers Scientific Inc., 

Utah, USA. Xanthine oxidase from bovine milk, cytochrome c from equine heart, and catalase 

were obtained from Sigma-Aldrich. All other chemicals were of analytical grade and supplied 

by Sigma-Aldrich Inc. All solutions were prepared using distilled water. Solutions of pH 4 were 

prepared by titrating the solutions of porphyrins in 0.1 M KNO3 as a background electrolyte 

with HCl. 0.1 M phosphate buffer solution (PBS) of pH 7.4 was prepared from disodium 

hydrogen phosphate and sodium dihydrogen phosphate. Borate buffer solution of pH 10 was 
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prepared from sodium tetraborate decahydrate and sodium hydroxide with a background of 0.1 

M potassium nitrate. The pH of the solutions was determined and adjusted using a laboratory 

pH meter. 

 

2.2. Methods and apparatus. 

 

Electrochemical characterization was performed with an Autolab PGSTAT100 

potentiostat (Echo Chemie, the Netherlands), using an electrochemical cell with a three-

electrode configuration. A double-junction Ag/AgCl electrode, Ag | AgCl | KCl 3 M0.5 M 

KCl, (Metrohm, Switzerland), was used as a reference electrode. Pt coiled wire was used as an 

auxiliary electrode and a glassy carbon electrode (GCE) was the working electrode. An outer 

solution of the reference electrode was changed regularly after the measurements to prevent 

contamination of the electrode with porphyrins and the potential of the reference electrode was 

controlled with a Ag/AgCl (3 M) reference electrode (Sigma-Aldrich Inc.). GCEs with a 

diameter of 3 mm (a working geometrical area of 0.071 cm2) were supplied by BASi Inc. 

Electroactive surface area of 0.064 cm2 was found using a ferrocenemethanol redox couple 

[52].  The electrodes were treated before each measurement according to the procedure 

described in [33]. Deaeration of the solutions was accomplished by passing a constant stream 

of argon through the solution for 15 min before the experiment and maintaining a stream of 

argon over the solution during the experiment. The measurements were performed in triplicate. 

Absorption spectroscopy was performed with a PerkinElmer Lambda 900 spectrometer. 

Quartz cuvettes with a path length of 1 mm or 5 mm (Sigma-Aldrich Inc.) were used. 

 

2.3. Cytochrome c assay. 

 

The assay was performed in a 3 ml of 0.05 M PBS, pH 7.8, in a cuvette with a path 

length of 1.0 cm [53]. The solution contained 10-4 M EDTA, 50 µM xanthine, 10 µM 

ferricytochrome c, and 15 µg ml-1 catalase to prevent the reoxidation of ferrocytochrome c by 

H2O2 produced in the reaction of the oxygen reduction catalyzed by xanthine oxidase. The 

reduction of ferricytochrome c was initiated by addition of xanthine oxidase. The amount of 

MnP complex, which inhibited the rate of reduction of cyt c by 50 %, IC50, was found according 

to [54]. The rate constant for the reaction of O2
 - with MnP was found by competition kinetics 

using cyt c as the reference [25, 55, 56]. Possible interference of the xanthine oxidase reaction 
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by MnP complexes was excluded by following the rate of accumulation of urate at 295 nm in 

the absence of cyt c [25]. 

 

3. Results and discussion. 

 

3.1. Electrochemical and spectrophotometric characterization of the Mn(III) porphyrin 

complexes, Mn(III)TMPyP, Mn(III)TCPP, Mn(III)TSPP at pH 7.4, 10, and 4. 

 

Ground-state absorption of manganese porphyrin complexes at pH 7.4 is shown in 

Figure 1b. The measured wavelength values, Table S1, are in a good agreement with the 

literature data [35, 57, 58] and were discussed in detail in [59]. A study of the dependence of 

the apparent molar absorptivity on the concentration for the manganese porphyrin complexes 

showed no evidence for an aggregation in a pH range of 4 to 10 and at the concentrations used 

except for Mn(III)TSPP and Mn(III)TCPP at pH 4, which is discussed in Section 3.5. The 

porphyrins were therefore considered to be monomers in all other conditions of the experiments. 

These results are consistent with previous reports [46]. 

 

Fig. 1. a. The water-soluble Mn(III) meso-tetrasubstituted porphyrin complexes used. L1 and 

L2 may denote the aqua and hydroxo-ligand(s), whereat L2 is not obligatorily present. b. UV-

vis absorption of manganese porphyrin complexes: Mn(III)TCPP (blue line), Mn(III)TSPP 

(green line), and Mn(III)TMPyP (orange line). Other conditions: 0.1 M PBS, pH 7.4, porphyrin 

solutions of about 910-5 M, room temperature, and cuvettes with a path length of 1 mm.  

 

Examples of cyclic voltammograms of Mn(III)Ps obtained in deoxygenated aqueous 

buffer solutions of pH 7.4 are illustrated in Fig. 2 and S1a, and a summary of the data is given 

in Table 1. The curves in argon reveal peaks corresponding to the redox processes of the 
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conversion of the metal ion and porphyrin ligands. The first reduction wave at Ep
red. 1 , Table 1, 

corresponds to a one-electron reduction of Mn(III)  Mn(II). The corresponding 

electrooxidation process Mn(II)  Mn(III) is observed in a reverse scan. This electroreduction 

process Mn(III)  Mn(II) is not displayed in CV performed in air, Fig. S1b,c due to the 

electrocatalytic activity of the metalloporphyrins for the oxygen reduction reaction (ORR), 

which is higher for the MnTMPyP complex as will be discussed below. The second reduction 

wave in the case of MnTMPyP in the deoxygenated solution appears at -0.77 V (pH 7.4) and 

can be assigned to the electrochemical reduction of the porphyrin ligand to the porphyrin -

radical anion (one-electron reduction) or dianion (two-electron reduction). In the case of 

MnTCPP and MnTSPP, the second reduction does not occur at the potential window 

investigated. More positive values of the Mn(III/II) and porphyrin ligand reduction, Fig. 2, as 

well as porphyrin ligand oxidation, Fig. 2 and Table 1, in the case of MnTMPyP may be 

explained taking into account the electron-withdrawing nature of the N-methyl-4-pyridyl 

substituent in comparison with 4-sulfonatophenyl- and 4-carboxyphenyl substituents [33, 60]. 

Similar electrochemical behavior was observed at pH 10 and 4, as is shown below. 

We assume that the oxidation process at electrochemical potential values between 0.8 

V and 0.9 V, Fig. 2, belongs to the oxidation of Mn(III)P to Mn(IV)P (0.898 V for MnTCPP, 

0.889 V for MnTSPP, and 0.830 V for MnTMPyP), which is a quasi-reversible process in the 

case of the MnTMPyP complex under the conditions of experiment. Electrochemical reduction 

of MnIV/III was not observed for the MnTCPP and MnTSPP complexes under the conditions of 

experiment, which might be due to kinetic and thermodynamic limitations associated with acid-

base equilibria of axially coordinated water molecules [61] or subsequent Mn(IV) complex 

decomposition by chemical reaction [50], as well as properties of the irreversibly oxidized 

porphyrin ligand in those cases and requires further investigations. These observations find an 

agreement with previous studies [47, 48, 50, 58], where the Mn(IV/III)P redox couple of the 

complex was observed only in alkaline solutions. In the study of A. Harriman [61], MnIII/IVP 

oxidation approached the fully reversible case at pH 13 but as the pH dropped below 12.5 the 

redox wave became difficult to resolve. 

 

Table 1. Electrochemical characterization of the Mn(III) porphyrin complexes in a phosphate 

buffer solution at pH 7.4. 

 

 Ep
red. 1/ 

V 

Ep
ox. 1/ 

V 
E 1/ 

mV 

ket103 3/ 

cm s-1 

Ep 
L red.  2/ 

V 

Ep 
L ox. 4 

/V 

E(O2 red.) with 

MnP 
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 Mn(III/II)    

MnTCPP -0.503 -0.421 82 1.70.2 -1.2 1.061 -0.540 (0.1) 5 

MnTSPP -0.480 -0.393 87 1.20.1 -1.2 1.108 -0.611 (0.03) 5  

MnTMPyP -0.228 -0.156 72 9.60.8 -0.77 1.2 -0.433 (0.21) 5 

1 - Ep
red., Ep

ox., and E of the Mn(III/II) redox process in a deaerated solution and at a scan 

rate of 0.005 V s-1. 
2 - Ep 

L red. for the reduction of the porphyrin ligand (L red.). 
3 - found using the Nicholson method and a diffusion coefficient value of 2.1210-6 cm2 s-1, 

n=3. 
4 - Ep 

Lox. for the one- or two-electron oxidations of the porphyrin ligand, scan rate 0.05 V s-1. 
5 - positive shift of the potential of oxygen reduction in comparison with that of oxygen 

reduction at a GCE without a porphyrin complex in solution is given in the brackets. 
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Fig. 2. Cyclic voltammograms of the manganese (III) porphyrin complexes in a deoxygenated 

0.1 M PBS, pH 7.4, GCE: Mn(III)TCPP (blue line), Mn(III)TSPP (green line), Mn(III)TMPyP 

(orange line), GCE in PBS without Mn porphyrin complexes (black dotted lines), scan rate 0.05 

V s-1.  
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Fig. 3. Plot of the kinetic parameter, ,  versus the reciprocal of the square root of the scan rate, 

1/2 [62], for the MnIII/II redox processes in a deoxygenated PBS, pH 7.4: Mn(III)TCPP (blue 

circles), Mn(III)TSPP (green circles), Mn(III)TMPyP (orange circles), and the corresponding 

linear fit curves with R2=0.9991, R2=0.9909, and R2=0.9900, respectively. 

 

Fig. S1a demonstrates a linear dependence of the Mn(III)/Mn(II) peak currents on a 

square root of the scan rate, a Ip - 1/2 dependence, with good correlation coefficients, 

characteristic of a diffusion-controlled redox process. A similar dependence was obtained for 

Mn(III)TCPP and Mn(III)TSPP porphyrin complexes. Fig. 3 shows that the peak-to-peak 

separation, Ep, of the quasi-reversible electrochemical MnIII/IIP reactions increases with the 

scan rate, which allows the heterogeneous rate constants of the electron transfer for the MnIII/II 

redox processes to be determined by the Nicholson method [62]: 

= ks (DO/DR)/2 / (DOnF/RT)1/2       (1),  

where  is a dimensionless kinetic parameter determined from Ep of the quasi-reversible 

electrochemical reaction [62], ks is a heterogeneous rate constant of the redox reaction (cm s-1), 

DO and DR are diffusion coefficients of the oxidized and reduced form (cm2 s-1), respectively, 

n is the number of electrons transferred in the reaction, F is the Faraday constant (96485 V mol-

1), R is the gas constant (8.3145 J mo1-1 K-1), and T is the temperature (K). Except for unusual 

cases, the quantity (DO/DR)/2 is very close to unity. As expected from the Nicholson equation 

(1), the dimensionless kinetic parameter determined from Ep of the quasi-reversible 

electrochemical reaction shows a theoretically predicted linear dependence versus the 

reciprocal of the square root of the scan rate in a useful scan range interval for the MnIII/IIP 

redox processes, Fig. 3. A deviation from linearity in the case of MnTMPyP at low scan rates 

is due to approaching the reversibility of the MnIII/IITMPyP electrode reaction and a diffusion-

controlled redox process at low scan rates, when Ep approaches a theoretical value of 59 mV, 
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Fig. S1a and 3. Therefore this interval of scan rates was not considered for the determination of 

the electron transfer rate constant of MnIII/IITMPyP using the Nicholson method and Eq. (1). 

Diffusion coefficients of the Mn(III)P used in Eq. (1) were found from the Randles-

Sevcik equation: 

𝐼𝑝 = 0.446 (
𝑛3𝐹3𝐷

𝑅𝑇
)
1/2

𝐴𝑐   (2). 

Although Eq. (2) is widely used to determine the diffusion coefficients, it is valid for 

the reversible electrochemical reaction, where the mass-transport component is rate-limiting. 

Therefore, we used the Randles-Sevcik equation to evaluate the diffusion coefficient of 

MnTMPyP at a low scan rate of 0.005 V s-1, where the peak separation of 0.072 V is closest to 

the theoretically expected value for the reversible redox reaction value of 0.059 V. The diffusion 

coefficient of MnTMPyP was found to be 2.1210-6 cm2 s-1. This value is close to the values of 

the diffusion coefficients found for the water-soluble Mn(III) ortho and meta substituted N-

ethylpyridyl porphyrins in aqueous solutions at pH 7.5 of 2.3510-6 cm2 s-1 and 2.1510-6 cm2 s-

1 [47], respectively. The heterogeneous electron transfer rate constants found for the 

electrochemical redox reaction of the Mn(III/II) porphyrin complexes from the slope of the 

lines fitted to the experimental data points in Fig. 3 using a diffusion coefficient value of 

2.1210-6 cm2 s-1 are listed in Table 1. The ks(MnTMPyP) is about 5.8 to 8 times higher than the 

corresponding values of ks(MnTCPP) and ks(MnTSPP), respectively. Altogether, the details of 

the cyclic voltammetry experiments demonstrate more positive potential values and faster 

electron transfer kinetics of the MnIII/IIP redox process for the MnTMPyP complex in 

comparison with MnTCPP and MnTSPP complexes at neutral pH, Fig. 2 and Table 1. The 

former may be explained by modulating the redox potentials of the porphyrin complexes by 

using an electron-withdrawing substituent on the porphyrin macrocycle, which is in agreement 

with the stronger electron-withdrawing character of the N-methyl-4-pyridyl substituent groups. 

The faster electron transfer kinetics may be explained by the positively charged and less bulky 

N-methyl-4-pyridyl groups in comparison with 4-carboxyphenyl and 4-sulfonatophenyl groups, 

which facilitates a closer approach of the MnMPyP to the negatively charged electrode surface 

for the redox process. 

Similar tendencies were observed in the alkaline and acidic solutions at pH 10, Fig. 4, 

S2, Table 2, and pH 4, Fig. 5 and Table 3, respectively. In general, electrochemical experiments 

showed no essential pH dependence of the formal reduction potential of the MnIIIP/MnIIP redox 

couples in the pH range studied, which is in agreement with previous reports, where the formal 

reduction potential of the MnIIIP/MnIIP redox couple of the MnTMPyP complex was pH-

independent in a pH range of about 3 to 10 [45, 47]. The observed small shift of the 
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electrochemical potential for manganese reduction can be related to the changes of the 

protonation state of water molecule(s) coordinated at the axial positions [22, 24, 47, 49]. 

 

 

Fig. 4. Cyclic voltammograms of the manganese (III) porphyrin complexes in a borate buffer 

of pH 10: Mn(III)TCPP (blue line), Mn(III)TSPP (green line), Mn(III)TMPyP (orange line), 

solid lines - in a deoxygenated buffer, dotted lines - in the presence of oxygen. In part a, a dotted 

black line shows a cyclic voltammogram of a GCE in the absence of a Mn(III) complex and in 

the presence of oxygen, scan rate 0.05 V s-1, GCE. 

 

Table 2. Electrochemical characteristics of the Mn(III) porphyrin complexes in an alkaline 

buffer, pH 10. 

 

 MnIII/II Ep 
L red.  2/ V Ep 

L ox. 2/ 

V Ep
red. 1/ V Ep

ox. 1/ V E 1/ mV 

MnTCPP -0.497 -0.414 83 -1.2 1.063 

MnTSPP -0.481 -0.384 97 -1.2 1.102 

MnTMPyP -0.232 -0.161 71 -0.84 1.2 
1 - Ep

red., Ep
ox., and E of the Mn(III/II) redox process in a deoxygenated solution. 

2 - Ep 
L red. for the reduction of the porphyrin ligand and Ep 

Lox. for the oxidation of the 

porphyrin ligand in deoxygenated solutions. 

 

However, the reduction of the TMPyP ligand of the MnTMPyP complex at pH 10 occurs 

at more negative potential values in comparison with neutral pH, Tables 1 and 2, and Figs. 2 

and 4a, while in the acidic solutions the reduction of the TMPyP and TSPP ligands occurs at 

more positive potential values, Table 1 and 3, and Figs. 2 and 5a. The electrochemical reduction 

of the porphyrin ligand in the MnTMPyP complex takes place at more positive potentials in 

acidic solution, demonstrating a pH dependence of 22 - 27 mV/dec in the studied pH range of 

4 to 10. Similarly, the electrochemical reduction of the porphyrin ligand in the MnTSPP 
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complex can be observed only in acidic solutions. These electrochemical properties may be 

explained by the availability of hydrogen ions in the acidic media, since the reduction of 

porphyrin ligands is accompanied by their protonation [63, 64], so that the porphyrin ligands of 

the MnTMPyP and MnTSPP complexes are more easily reduced in acidic media. 

Additionally, a sharp peak of the anodic current is observed in the case of MnTMPyP 

in a reverse scan at pH 10, which is probably related to the oxidative adsorption process of a 

porphyrin. Similar to the neutral buffer, MnTMPyP demonstrated the highest electrocatalytic 

activity for the oxygen reduction process, as follows from a comparison of Figs. 4a and b as 

well as Fig. 5b, which will be discussed in Sections 3.2 and S1. 

Solution pH (in the studied pH range of 4 to 10) does not influence the max of the UV-

vis spectra essentially, as can be seen from Tables S1-S3. These results are in agreement with 

a previous report, where no changes in the UV-vis spectra between pH 2 and attaining the first 

pKa value of 10.5 of Mn(III) complex were reported [46]. 

 

 

Fig. 5. Cyclic voltammograms of the manganese (III) porphyrin complexes at pH 4: 

Mn(III)TSPP (green line) and Mn(III)TMPyP (orange line): a. deoxygenated, b. in the presence 

of oxygen, dotted black line corresponds to the CV of a GCE without a porphyrin complex in 

the solution; scan rate 0.05 V s-1. Mn(III)TCPP is insoluble at the same conditions. 

 

Table 3. Electrochemical characteristics of the Mn(III) porphyrin complexes at pH 4 1. 

 

 Mn III / II Ep 
L red. 3/ V Ep 

L ox. 3/ V 

Ep
red. 2/ V Ep

ox. 2/ V 

MnTSPP -0.496 -0.400 -1.093 1.19 

MnTMPyP -0.243 -0.172 -0.697 1.2 
1 - MnTCPP is insoluble at pH 4. 
2 - Ep

red., Ep
ox. of the Mn(III/II) redox process in a deaerated solution. 
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3 - Ep 
L red. for the reduction of the porphyrin ligand and Ep 

L ox. for the oxidation of the 

porphyrin ligand in the deoxygenated solutions. 

 

3.2. Electrochemical behavior of the water-soluble Mn(III) porphyrin complexes in the 

presence of the oxygen reduction reaction. 

 

Since in most cases the electrochemical reduction of hydrogen peroxide is considered 

in the presence of oxygen, the electrochemical behavior of the Mn(III) porphyrin complexes 

was investigated in corresponding conditions. The cyclic voltammograms of the Mn(III)P 

complexes in the electrolyte in the presence of oxygen, Fig. S1b,c, display changes in the 

potential range where the ORR occurs compared to the  

CVs in the deoxygenated solutions, Fig. 2. In the presence of oxygen, no wave of the 

Mn(III)/Mn(II) reduction is observed in the cathodic region even for the more electronegative 

MnTMPyP at all pH studied. The reduction of Mn(III) and O2 merges with a positive shift of 

the O2 reduction of about 0.21 V for Mn(III)TMPyP and 0.1 V for Mn(III)TCPP at pH 7.4, Fig. 

S1b,c, Table 1, and Section S1. 

According to the results of the experiments, the Mn porphyrin complexes used in the 

study act as electrocatalysts decreasing the overpotential of the oxygen reduction reaction on a 

GCE and increasing the reduction currents due to the involvement of a metal in the process of 

the oxygen reduction reaction, which agrees with previous investigations [16, 25, 41, 45-48, 

50], Section S1. In most cases, a significant increase of the reduction current was observed at 

all three pH studied, which may be explained by an electrocatalytic reduction of oxygen and 

redox cycle according to a tentative Scheme 1 for the pH used [8, 45, 46, 65, 66]. 

 

 

Scheme 1. Scheme of a catalytic oxygen reduction promoted by the MnP complex (left) and a 

model for the outer-sphere catalysis involving a superoxide anion radical or a less common –

hydroperoxyl radical as the initial species of the oxygen reduction, pKa(HO2
)=4.7 [67]. 

 

3.3. Electrocatalytic reduction of hydrogen peroxide with Mn porphyrin complexes, pH 7.4. 

 

As in the case of oxygen reduction, the electrocatalytic reduction of hydrogen peroxide 

starts at potentials where a Mn(III)/Mn(II) reduction process takes place, Fig. 6 and S3. As 
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summarized in Fig. 7 and Table 4, the current response to the changes of the H2O2 concentration 

increases for all three porphyrins in comparison to that of a bare GCE in a phosphate buffer 

both in the absence of oxygen and in air, with the current response being more pronounced in 

the aerated buffer. For example, the electroreduction current at -0.44 V in the presence of 410-

3 M H2O2, Fig. 7b, was about 4 times higher in the presence of the MnTMPyP complex. 

MnTMPyP demonstrates the highest electrocatalytic activity at lower potential values, while 

the MnTCPP and MnTSPP complexes behave similarly, Fig. 7. 

 

 

Fig. 6. Cyclic voltammograms of Mn(III)TMPyP complex in a phosphate buffer solution, pH 

7.4: a. - deoxygenated buffer, dotted lines - in the absence of the Mn(III)TMPyP complex, solid 

lines - in the presence of Mn(III)TMPyP complex, H2O2 from 0 M (black lines) to 3.910-3 M 

(dark yellow lines), b. - in the presence of oxygen, dotted lines show CVs in the absence of 

Mn(III) porphyrin complex, H2O2 from 0 M (black lines) to 3.410-3 M (dark yellow lines). 

Other conditions: 910-5 M MnTMPyP, scan rate 0.05 V s-1. 

 

 
Figure 7. Dependence of the reduction current on the concentration of hydrogen peroxide in a 

phosphate buffer, pH 7.4, with 910-5 M porphyrin complexes: MnTMPyP - orange circles, 
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MnTCPP - blue triangles, MnTSPP - green squares, and a bare GCE - black diamonds; a. - 

deoxygenated buffer, open symbols - current at -0.4 V, closed symbols – current at -0.5 V, b. - 

in the presence of oxygen, -I at -0.57 V are given for MnTCPP, MnTSPP, and a bare GCE, and 

-I at -0.44 V are given for MnTMPyP. Scan rate 0.05 V s-1. 

 

Table 4. Slope and correlation coefficients of the -I-c(H2O2) curves in a phosphate buffer 

solution, pH 7.4. 

 

 deoxygenated PBS, pH 7.4 1 PBS, pH 7.4 1 

 b R2 b R2 

MnTCPP 3.210-4 (E=-0.5 V) 0.99862 8.810-4 (E=-0.57 V) 0.9826 

MnTSPP 4.110-4 (E=-0.5 V) 0.98491 1.110-3 (E=-0.57 V) 0.9742 

MnTMPyP 1.410-3 (E=-0.4 V) 0.99692 5.810-3 (E=-0.44 V) 0.9977 

GCE 5.310-5 (E=-0.5 V) 0.98671 3.810-4 (E=-0.57 V) 0.9814 
1 In brackets, potential values are given at which reduction current values for the -I-c(H2O2) 

curves were used to evaluate b and R2 parameters given in the table. 

 

A comparative analysis of cyclic voltammograms in Fig. 6a,b and S3 shows that the 

electrochemical features of the reaction of the Mn(III)P complexes with hydrogen peroxide are 

different in the absence and presence of oxygen. 

For comparison, Fig. S4a shows cyclic voltammograms at a bare GCE in the 

corresponding buffer solution. The reduction of hydrogen peroxide at the GCE proceeds at 

slightly more negative potentials of about -0.69 V than the potential at which the reduction of 

oxygen occurs, which is in agreement with a previous study [15, 68]. Two processes practically 

overlap in the potential region of -0.65 V to -0.69 V [15]. Accordingly, the MnTMPyP complex 

decreases the reduction overpotential of not only O2 but also H2O2 by approx. 210 to 290 mV 

at pH 7.4 and increases the reduction currents as follows from a comparison of Figures 6, 7, 

S4a, and Table 4 for the deoxygenated buffer and in the presence of oxygen, respectively. 

Similar conclusions can be drawn for the MnTCPP and MnTSPP complexes, Figs. 7, S3, S4a, 

and Table 4. The electrocatalytic effect is highest for the MnTMPyP, while Mn(III)TCPP and 

Mn(III)TSPP have similar effects, as was also the case for the oxygen reduction discussed in 

Section 3.2 and section S1. 

The onset of the hydrogen peroxide reduction process coincides with an onset of 

Mn(III)/Mn(II) reduction in both deoxygenated systems and in the presence of oxygen. In the 

latter system, the hydrogen peroxide reduction is displayed in a serial increase of the reduction 

currents according to the increasing concentrations of H2O2, Fig. 6b in comparison with the 

oxygen reduction in the absence of hydrogen peroxide, Fig. 6b (black solid line at C(H2O2)=0 
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M). This indicates an involvement of a metal-reduced form of the porphyrin in the 

electrocatalytic reduction of hydrogen peroxide similar to the electrocatalytic reduction of 

oxygen and agrees with the discussion above. 

The initial two-electron reduction of the porphyrin ligand of the Mn(III)TMPyP in the 

absence of hydrogen peroxide at about -0.77 V, Fig. 2 and Table 1, proceeds via two one-

electron reduction steps in the presence of hydrogen peroxide in both systems (in the presence 

and absence of oxygen), Fig. 6a,b, with the appearance of the first one-electron oxidation at 

about -0.690 V in both systems and the second electron reduction at -0.777 and -0.763 V, 

Scheme 2. This transfer may be explained by a change in the axial ligation and protonation 

steps in the course of the reaction with oxygen species, which influences the redox behavior of 

the complex [51, 63]. 

 

Scheme 2. Scheme of the reduction process for the porphyrin ligand, where e is a 1-e electron 

transfer process and p is a single protonation process [33]. 

 

From a comparison of Figs. 6 a and b, it can also be seen that in both systems the 

reduction current reaches its maximum at the close potential values of about -0.4 V 

(deoxygenated at -0.41 V and in the presence of air at -0.44 V). However, it is of interest that 

the reduction current in the deoxygenated solution does not decrease as in Fig. 6b forming a 

peak as in normal CV, but forms a plateau of the reduction current at a voltage interval of about 

-0.4 to -0.6 V. This indicates a permanent generation or presence of the species which are 

reduced at this potential window. The nature of these species is currently not clear, but reflects 

different mechanisms and intermediate species produced in the deoxygenated solution and in 

the presence of oxygen. After about -0.6 V, the reduction of the porphyrin ligand starts in both 

systems. The difference in a potential interval of -0.4 V to -0.6 V may be explained as follows. 

In the absence of oxygen, all generated metal-reduced forms of porphyrin, Mn(II)P, near the 

electrode surface are involved in the reaction with hydrogen peroxide according to the tentative 

reaction schemes described by Eqs. (1) – (5) or (6) – (10) for different pH ranges and based on 

previous investigations of the reactivity of MnP complexes implying the O-O bond dissociation 

[6-8, 13, 15, 24, 36, 44, 51], thus producing a plateau of the reduction current due to the catalytic 



17 
 

redox cycling in this potential range (porphyrin charges as well as L1 and L2, which might be 

aqua or hydroxo ligand(s) are omitted in the equations): 

 

 

In the presence of oxygen, Fig. 6b, a plateau of the reduction current is not observed. 

This can be explained by the fact that a reduced Mn(II)P is consumed in the parallel reaction of 

oxygen reduction as in Scheme 1 disturbing the catalytic redox cycle in Eqs. (1-5) or (6-10) so 

that the electrochemical reaction is then mass-transport limited by a diffusion of MnTMPyP to 

the electrode surface. Moreover, taking into account the fact that an initial product of the oxygen 

reduction is a superoxide anion radical, reduction of Mn(III)P and oxidation of Mn(II)P by the 

superoxide in solutions are other possible parallel chemical reactions in the presence of oxygen 

due to the superoxide dismutase mimicking activity established for the Mn porphyrin 

complexes [55], Scheme 3: 

 

Scheme 3. Scheme of the superoxide dismutase-like activity of the MnTMPyP complex. 

 

We examined the superoxide dismutase mimicking activity using the cytochrome c 

reduction assay by the xanthine-xanthine oxidase system [25, 53, 55], section 2.3 and Fig. S5. 

Rate constants for the reaction of the metalloporphyrin complex with O2
 - can be evaluated 
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based on its competition with ferricytochrome c for reaction with O2
 - using kO2 -, cyt c(3+)=3106 

M-1 s-1 [55]. As one can see from Fig. S5, the MnTCPP and MnTSPP complexes were negligibly 

active in the assay conditions in comparison with MnTMPyP. Using the evaluation of Sawada 

and Yamazaki [54], we found the amount of MnTMPyP required to inhibit the rate of reduction 

of ferricytochrome c by 50 % IC50(MnTMPyP)=(0.840.08) µM and the rate constant for the 

reaction of Mn(III)TMPyP with O2
 - of 3.6107 M-1 s-1. Thus, on the one hand, presence of 

oxygen results in the consumption of the electroreduced catalytically active Mn(II)P, which 

would otherwise reduce hydrogen peroxide. On the other hand, the produced superoxide may 

chemically reduce Mn(III)P in the solution to the active Mn(II)P form. However, the superoxide 

dismutase mimicking activity of MnTMPyP may nevertheless diminish the reduced form 

Mn(II)P, which is available for the electrocatalytic reduction of hydrogen peroxide, since the 

oxidation of Mn(II) with O2
 is faster than the reduction of Mn(III) with O2

, i.e. the upper 

equation in Scheme 3 is a rate-limiting step [25, 55]. At present, it is difficult to distinguish the 

role of individual processes in the general reaction mechanism and kinetics, for which further 

studies should be undertaken.  

It is also of interest that the reduction currents are higher in the presence of oxygen than 

in the deoxygenated buffer in the same concentration ranges of hydrogen peroxide. In the 

presence of the oxygen reduction reaction, as in Scheme 1, superoxide anion radical, O2
 , may 

promote an oxidative cleavage of the O-O bond of hydrogen peroxide axially ligated to a 

reduced Mn(II) porphyrin complex with hydrogen atom transfer (HAT, H+ + e-)  to O2
 , 

transforming the superoxide anion radical into a 2e-reduced dioxygen, O2H, with the formation 

of high-valent Mn-oxo complexes and a radical cation on a porphyrin ring [6, 7, 44, 69], as in 

Scheme 4. In a recent study [22], the formation of the oxomanganyl -radical cation 

[(O=)MnIVP]+, a manganese analog of Compound I of heme peroxidases, in a chemical 

reaction of a manganese porphyrin incorporated into the protein scaffold with hydrogen 

peroxide was observed. The authors excluded the formation of the detectable [(O=)MnVP]. The 

formation of high-valent porphyrinate models including also six-coordinate complexes was 

extensively studied by J.T. Groves and co-workers and high-valent oxo-complexes (O)MnIVP, 

(O)(H2O)MnVP, and (O)2MnVP were also discussed for a number of porphyrin complexes under 

different conditions of chemical oxidation [44, 70, 71]. Thus, as a result of the synergic 

electrocatalytic effect of MnP and oxygen, additional amounts of hydrogen peroxide may be 

produced near the electrode surface thus supplementing the amounts of hydrogen peroxide 

initially present in the solution, generating higher reduction currents. Moreover, due to 

competition with hydrogen peroxide for the reduction equivalents from the reduced Mn(II)P 
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complex, the superoxide anion may undergo dismutation (either spontaneously or catalyzed by 

MnP [55]): 

2O2
 - + 2H+ = O2 + H2O2  (11). 

This contribution to the overall process would also result in the higher reduction currents. 

However, a low catalase activity of the water-soluble Mn porphyrins was reported [21, 72] but 

rather an oxidative degradation of Mn porphyrins in the presence of H2O2, which was also 

observed in our spectrophotometric experiments as shown below. On the other hand, a catalase 

activity of Mn(III)TPPS in a basic aqueous hydrogen peroxide medium was observed [71]. 

Hence, a number of the tentative pathways are indicated in the text and summarized in 

Schemes 1,3,4, and Eqs. (1-11) and further studies may be necessary to elucidate a contribution 

of a particular reaction into an overall process of electrocatalytic reduction of hydrogen 

peroxide in different conditions. The high-valent Mn-oxo complexes or -radical cation, as e.g. 

in eqn. (8), which are formed in the process, are not reversibly reduced, which results in a faster 

degradation of the MnP catalyst. Altogether, this “oxygen-reach” system, Figs. 6b and S3b,d, 

demonstrates a higher oxidation capacity, which is evident from the higher reduction currents 

(consumed electrons) and faster degradation of the porphyrin as discussed below.  

 

Scheme 4. A tentative scheme of an electrocatalytic process with participation of hydrogen 

peroxide and superoxide anion. 

 

As can be seen from Figure 7, a linear dependence of the reduction peak currents on the 

concentration of hydrogen peroxide for the MnTMPyP complex is linear up to higher 

concentrations of H2O2 for the deoxygenated solutions (up to about a 60-fold excess of the 

hydrogen peroxide concentration) than that in the presence of oxygen (up to about a 24-fold 

excess of the hydrogen peroxide concentration). This may indicate a faster degradation of a 

porphyrin complex in the conjunct presence of hydrogen peroxide and oxygen than in a 

deoxygenated atmosphere. This is confirmed by absorption spectroscopy of the reaction 

products. 

As can be concluded according to curves 1-3 in Fig. 8a, MnTMPyP is still present in the 

solution after the cathodic reaction with H2O2 in a deoxygenated buffer according to its 

characteristic absorption at 462 nm, while no porphyrin is present after electrochemical 
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experiments in the presence of oxygen, curve 4. Absorption at 462 nm, curves 1 and 2, decreases 

after the initially deoxygenated solution comes into contact with oxygen (air), which is 

noticeable in the consecutive measurements 1 to 3 in the presence of oxygen. The final curve 3 

practically coincides with the absorbance of the solution after electrochemical experiments in 

the presence of oxygen, curve 4. Thus, faster degradation of a porphyrin takes place during 

electrochemical reaction in the conjunct presence of hydrogen peroxide and oxygen than in a 

deoxygenated atmosphere. 

 

 

Fig. 8. UV-vis absorption in PBS, pH 7.4: a. consecutive spectrophotometric measurements of 

the MnTMPyP solution after electrochemical experiments with H2O2 in a deoxygenated buffer 

solution in the sequence 1 - blue, 2 - green, and 3 - black lines, spectrophotometric 

measurements of the MnTMPyP solution after electrochemical experiments with H2O2 in the 

presence of oxygen - red line 4, ground-state absorption spectrum of the Mn(III)TMPyP 

complex - orange line - is given for comparison, and absorption of the MnTMPyP solution in 

the presence of a large excess of H2O2 (1:1000) - brown line 5; b. spectrophotometric 

measurements of the Mn(III)TSPP solutions after electrochemical experiments (as in Fig. S3) 

in the deoxygenated buffer solution (violett line) and in the presence of air (brown line). 

 

After electrochemical experiments with hydrogen peroxide in a deoxygenated PBS at 

pH 7.4, as in Fig. 6a, red-brown solutions of the Mn(III)TMPyP complex in the electrochemical 

cell take on a dark green tint. These solutions turn brown after contact with air (oxygen) during 

transfer and measurement in a cuvette. Unlike the previous case, after electrochemical 

experiments in the presence of oxygen, as in Fig. 6b, a brown color of the solutions is directly 

manifested. According to the absorption spectra, Fig. 8a, this may be explained by the presence 

of a small amount of a green product of the chemical oxidation of the porphyrin by hydrogen 
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peroxide, Mn(P+), a porphyrin -radical cation in the deoxygenated conditions with its 

characteristic green color [73]. The porphyrin-oxidized derivatives of the MnPs could be 

Mn(III)(P+) porphyrin -radical cation corresponding to the oxidation of the porphyrin ligand 

or Mn(IV)P, as e.g. in eqn. (8), with a the possibility of shuttling between two formulations 

Mn(III)(P+)  Mn(IV)P depending on various conditions [34, 35, 42, 70, 73] as well as the 

oxomanganyl -radical cation O=Mn(IV)(P+) [22]. The appearance of an absorption band at 

about 670 nm, broadening of the 380-420 nm region, and a diminished Soret band are 

characteristic features of the formation of a green cation radical, Mn(P+), which can explain 

the presence of a green tint of the solutions after electrochemical experiments in the 

deoxygenated phosphate buffer at pH 7.4. The disappearance of the green tint after the solution 

comes into contact with air (oxygen) agrees well with a simultaneous diminishing of a 

characteristic band at 670 nm, which may indicate a conversion of the Mn porphyrin -radical 

cation into the Mn(IV)P oxidized form, (O=)Mn(III)(P+)  (O=)Mn(IV)P, after contact with 

oxygen in air [42, 73, 74] and further degradation products. This is in agreement with the data 

in [46], where O=Mn(IV)TMPyP species were formed in the presence of oxygen. Accordingly, 

the characteristic absorption bands of porphyrin at 462 nm and 561 nm and the absorbance at 

670 nm, which are present in the deoxygenated sample, diminish progressively during the 

spectrophotometric measurements after contact with air (oxygen) (Fig. 8a, subsequent 

measurements 1 to 3). Finally, spectrum 3 (black line) is similar to the spectrum of the solution 

after electrochemical experiments with hydrogen peroxide in the presence of oxygen, red line 

4. The formation of the smaller pi-conjugated compounds as a result of the oxidative 

fragmentation of the porphyrin, decomposition of the complex, and formation of brown MnO2 

can be assumed to explain other spectral details of the final spectra: increase of adsorption after 

500 nm in a lower wavelength region with a band at about 340 nm [46, 75, 76]. 

In the case of MnTSPP and MnTCPP, smaller changes in the spectra of the solutions 

after electrochemical experiments were observed. These changes included lower absorption 

intensities at the porphyrin complex wavelengths and some increase in absorbance at the shorter 

wavelength at about 300 - 350 nm compared to the initial complex, Fig. 8b. Similar absorption 

spectra were observed for the MnTCPP complex. Accordingly, the color of the solutions did 

not change essentially with a slight yellow-green tint appearing after the experiments within the 

hydrogen peroxide concentration range used. 

Thus, a chemical oxidation of Mn(III)P or its electrochemically reduced Mn(II)P form 

by hydrogen peroxide proceeds in parallel to the electrocatalytic electrochemical reduction of 

hydrogen peroxide. Moreover, optical absorption experiments confirm different mechanisms of 
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interactions of the MnP complexes with hydrogen peroxide in deoxygenated conditions and in 

the presence of oxygen with a faster degradation of the porphyrin complex in the latter system, 

Fig. 8. Chemical oxidative destruction of metalloporphyrin and metallophthalocyanine catalysts 

during the H2O2-mediated oxidations was also reported earlier [15, 22, 34, 43, 51]. 

The linear dependence of the reduction peak currents on the concentration of hydrogen 

peroxide for the MnTCPP and MnTSPP complexes in the presence of oxygen, Fig. 7b, retains 

till higher concentrations of hydrogen peroxide than for the MnTMPyP complex, whereas the 

reduction currents and electrochemical sensitivity to hydrogen peroxide are essentially smaller 

in comparison with MnTMPyP, Fig 7. This is in agreement with a stronger interaction of 

MnTMPyP and its electrochemically reduced metal form with hydrogen peroxide, and 

promotes the electrocatalytic reduction of hydrogen peroxide, but at the same time results in a 

faster degradation of the MnTMPyP complex, which is also in agreement with the results of the 

absorption experiments, Fig. 8. 

Thus, based on the results of electrochemical and spectrophotometric experiments, it 

can be concluded that the process of hydrogen peroxide electrocatalytic reduction by the water-

soluble Mn porphyrin complexes in aqueous solutions proceeds simultaneously with oxygen 

reduction, as well as with the homogeneous oxidation of manganese complexes by hydrogen 

peroxide. The presence of oxygen in a system results in higher currents but a faster degradation 

of the porphyrin. The results of this study also imply that in biological systems in the presence 

of the reducing agents which can initiate a MnIII/IIP reduction process the formation of the 

reactive oxygen species (ROS), such as the superoxide anion radical and hydrogen peroxide 

from the oxygen reduction, and at the same time further interactions initiated by ROS should 

be considered simultaneously in the presence of this biomimetic catalyst. 

 

3.4. Electrocatalytic reduction of hydrogen peroxide with Mn porphyrin complexes, pH 10. 

 

As at pH 7.4, no wave of the Mn(III)/Mn(II) reduction is observed in the cathodic region 

in the presence of oxygen, Fig. 4 a,b. In the alkaline buffer solution, pH 10, the reduction of 

Mn(III) and O2 is merged with a positive shift of O2 reduction of about 0.07 V for Mn(III)MPyP 

and 0.01 V for Mn(III)CPP, Fig. 4 a,b. The shift is, however, smaller than in the phosphate 

buffer, pH 7.4. Figures 9a and S6 show examples of cyclic voltammograms of the MnP 

solutions in the presence of hydrogen peroxide in the deoxygenated alkaline buffer and in the 

presence of oxygen. A plateau of the reduction current is also observed in the deoxygenated 

alkaline buffer in the presence of hydrogen peroxide after the current maximum at about -0.48 
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V, Fig. 9a, which is similar to pH 7.4. However, it is observed at low concentrations of hydrogen 

peroxide and is less pronounced. Unlike pH 7.4, a two-electron reduction of the MnTMPyP 

complex at about -0.69 V and -0.77 V, Fig. 6 a and b, is not observed in the presence of 

hydrogen peroxide in the alkaline borate buffer, pH 10, Fig. 9a. 

 

 

Figure 9. a. Cyclic voltammograms of the MnTMPyP complex, 910-5 M, in a borate buffer 

solution, pH 10, dotted lines - in the deoxygenated buffer solutions with 0 M (orange line), 110-

3 M (blue line), and  2.610-3 M (dark yellow line) H2O2, solid lines - in the presence of oxygen: 

with 0 M (orange line), 2.610-4 M, 6.610-4 M, and 110-3 M (dark yellow line) H2O2; b. 

dependence of the reduction current on the concentration of hydrogen peroxide: MnTMPyP - 

orange circles, MnTCPP - blue circles, MnTSPP - green circles, and  bare GCE - gray squares; 

closed symbols - deoxygenated solutions, open symbols - in the presence of oxygen, the 

potential values at which the reduction current values were taken for the graphs are given in 

Table 5. 

 

Similar to pH 7.4, three porphyrin complexes demonstrate a higher current response to 

the changes of the H2O2 compared to that of a GCE, Fig. 9b and Table 5. However, sensitivity 

in the alkaline media is higher than that in pH 7.4. This indicates that H2O2  HO2
- + H+, which 

is more pronounced in alkaline medium, is an important intermediate step in the electrocatalytic 

reduction process, which was also assumed in [23] and the HO2
- interaction with a porphyrin 

complex in an axial position is favorable in comparison with H2O2. Hence, an activating role 

of the hydroxide ions in accepting H+ from an oxygen atom of hydrogen peroxide, which is 

coordinated to the porphyrin complex in an axial position in step (equation 7), to produce Mn-

hydroperoxo (equation 7) and further Mn-oxo (equation 8) compounds may be suggested, 

which is similar to the role of a distal histidine in the heme peroxidase acting as a base in the 
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deprotonation step of H2O2 during the formation of compound I [69]. The coordinated hydrogen 

peroxide was shown to be deprotonated in this pH region [44]. Thus, in the alkaline media the 

electrocatalytic activity of the MnP complexes is more pronounced. 

 

Table 5. Slope and correlation coefficients of the I-c(H2O2) curves at pH 101.  

 

 deoxygenated2 in the presence of oxygen2 

MnTCPP 7.710-3 (E=-0.5 V) 0.9939 8.710-3 (E=-0.57 V) 0.9883 

MnTSPP 7.910-3 (E=-0.5 V) 0.9305 9.010-3 (E=-0.57 V) 0.9918 

MnTMPyP 8.510-3 (E=-0.48 V) 0.9956 2.910-2 (E=-0.5 V) 0.9960 

GCE 1.610-4 (E=-0.5 V) 0.9987 3.910-4 (E=-0.57 V) 0.9827 
1 found from the linear portions of the curves in Fig. 9b. 
2 in brackets, potential values are given, at which reduction current values for the -I-c(H2O2) 

curves were used to evaluate the slope and R2 parameters given in the table. 

 

At pH 10, higher reduction currents are obtained in the aerated buffer, which is similar 

to pH 7.4. In the presence of oxygen, MnTMPyP demonstrates the highest electrocatalytic 

activity at lower potential values at both pH. The linear range of the dependence of the reduction 

currents on the hydrogen peroxide concentration, Fig. 9b, is essentially smaller in the alkaline 

medium than at pH 7.4. The linear range of the reduction currents extended up to a 10-fold 

excess and a 7-fold excess of the H2O2 concentration over the concentration of the MnTMPyP 

complex in the deoxygenated solution and in the presence of oxygen, respectively. For 

MnTCPP and MnTSPP, the linear range of the reduction currents extended up to about an 11-

fold excess of the H2O2 concentrations.  

Unlike pH 7.4, after the electrochemical experiments with hydrogen peroxide in the 

deoxygenated alkaline borate buffer, pH 10, the solutions of the MnTMPyP complex did not 

display a green tint. The absorbance at 462 nm decreased and a slight increase of the absorbance 

at 421 nm appeared, Fig. 10 a, which can be ascribed to the O=Mn(IV)P species [35, 46, 69, 

73, 77] formed in the process of chemical oxidation of Mn(III)TMPyP or its electrochemically 

reduced form Mn(II)TMPyP with hydrogen peroxide, e. g., Eq. (8) . 
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Fig. 10. Absorption spectra in borate buffer solutions, pH 10: a. spectrophotometric 

measurements of the MnTMPyP solution (initial concentration 910-5 M) after electrochemical 

experiments in a deoxygenated buffer solution (green line) and in the presence of oxygen (violet 

line); b. MnTCPP solution (initial concentration 910-5 M) after electrochemical experiments in 

a deoxygenated buffer solution (diluted twice, blue line) and in the presence of oxygen (light 

blue line), and MnTSPP solution (initial concentration 910-5 M) after electrochemical 

experiments in the presence of oxygen (green line); c. chemical reaction of MnTMPyP, approx. 

710-5 M (dotted red line), with hydrogen peroxide in the borate buffer, pH 10: 8.410-4 M (solid 

red line) 4.610-3 M (violet), 0.12 M (brown line) H2O2. 

 

In contrast to MnTMPyP, the solutions of MnTCPP and MnTSPP turned intensively 

green, Fig. S7, during electrochemical experiments in the alkaline solutions after the 

concentration of hydrogen peroxide reached about 210-3 M, i.e. a 22-fold excess over the 

concentration of the porphyrin complex. This can be explained using the data of the 

spectrophotometric measurements, which were recorded after the electrochemical experiments, 

Fig. 10 b. The spectra of the MnTCPP and MnTSPP solutions showed similar changes with a 

significant increase of the absorption at about 667 nm, which is characteristic of a porphyrin 
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ligand -radical cation with its green color. Solutions of MnTMPyP do not exhibit this band at 

this concentration range of hydrogen peroxide but rather a slight increase in the region of 421 

nm, which is characteristic of O=Mn(IV)P. This is in agreement with a more electronegative 

character of MnMPyP in comparison with MnTCPP and MnTSPP due to the electron-

withdrawing properties of the N-methyl-4-pyridyl substituents in comparison with 4-

sulfonatophenyl and 4-carboxyphenyl substituents, which makes a -radical cation 

configuration of the oxidized MnTMPyP complex unfavorable. In this way, the main oxidation 

product of the MnTCPP and MnTSPP in the alkaline media in the concentration range of 

hydrogen peroxide studied was found to be the -radical cation of a porphyrin ligand, while 

O=Mn(IV)P is observed for MnTMPyP in alkaline media. 

Mn(III)TMPyP is chemically oxidized by hydrogen peroxide with a loss of the 

porphyrin structure by means of the higher concentrations of hydrogen peroxide with the 

intermediate O=Mn(IV)P (absorbance at about 425 nm, Fig. 10 c, solid red curve) and an 

intermediate small amount of -radical cation (absorbance at 673 nm at a 66-fold excess of 

hydrogen peroxide, Fig. 10 c, violet curve). Accordingly, the -radical cation configuration of 

the oxidized MnTMPyP is not favorable, which is due to the electron-withdrawing character of 

the N-methyl-4-pyridyl substituents of the porphyrin ring. Degradation of the metalloporphyrin 

catalysts in the presence of hydroxide ions or bases was also reported earlier [74]. 

 

3.5. Electrocatalytic reduction of hydrogen peroxide with Mn porphyrin complexes, pH 4. 

 

In contrast to neutral and alkaline conditions, the cyclic voltammograms in the acidic 

medium, Fig. 11 a,b and S8, demonstrate reduction currents in a reverse scan direction in the 

same concentration ranges of hydrogen peroxide. The higher electrocatalytic reduction currents 

and sensitivity (slope of the –I - c(H2O2) curves), Table 6, in the case of MnTMPyP in the acidic 

media may be explained by the availability of protons in the media, which participate in the 

reduction reaction with the electrons derived from the electrode, as is schematically presented 

in Eqs. (1-10). In previous studies, a homolytic character of the transition state for the O-O bond 

cleavage was observed under basic conditions for (acylperoxo)manganese(III) porphyrin 

complexes, while in the protic medium the heterolytic pathways predominated [36]. The 

difference in the nature of the metal-mediated O-O bond dissociation in the catalytic metal-

peroxide systems in alkaline and acidic media may contribute to the observed differences in the 

electrochemical reduction of hydrogen peroxide mediated by MnP complexes at different pH 
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in the present study, however, further studies are necessary to prove the intermediates of the 

electocatalytic reduction. 

 

 

Figure 11. Cyclic voltammograms of the MnP complexes at pH 4: a. MnTMPyP, in the 

deoxygenated solution, H2O2 0 M (orange line), 4.210-3 M (dark yellow), insert shows the CV 

curves at 6.110-4 M and 1.610-3 M H2O2, b. MnMPyP, in the presence of oxygen, H2O2 0 M 

(orange line), 4.310-3 M (dark yellow line), insert shows the CV curves at 1.410-4 M and 2.110-

3 M H2O2, the arrows designate the scan direction, c. dependences of the reduction currents in 

a forward scan direction on the concentration of hydrogen peroxide for MnTMPyP - orange 

circles (deaerated solution – solid, in the presence of oxygen - open), MnTSPP - green circles 

(deaerated solution – solid, in the presence of oxygen - open), GCE  - open squares. Scan rate 

0.05 V s-1. 

 

Table 6. Slope and correlation coefficients of the I-c(H2O2) curves at pH 41.  

 

 deoxygenated2 in the presence of oxygen2 

MnTSPP 1.110-4 (E=-0.5 V) 0.9785 2.510-4 (E=-0.5 V) 0.8693 

MnTMPyP 1.110-2 (E=-0.5 V) 0.9971 1.610-2 (E=-0.5 V) 0.9990 
1 found from the linear portions of the curves in Fig. 11c. 



28 
 

2 in brackets, potential values are given at which reduction current values for the –I - c(H2O2) 

curves were used to evaluate the slope and R2 parameters given in the table. 

 

In the case of MnTSPP, very low reduction currents and sensitivity, Table 6, were 

observed, which is similar to the reduction of hydrogen peroxide on a bare GCE, Figs. 11c and 

S8. Taking into account broadening of the reduction peak of the Mn(III/II)TSPP process, Fig. 

5 a, in comparison with the neutral and alkaline media as well as a slight decrease in the 

extinction coefficient of the Mn(III)TSPP complex at 466 nm of about 1.1 times as calculated 

in the acidic media in comparison with pH 7.4, we can assume that this lower reactivity of the 

MnTSPP complex may be explained by the formation of the molecular associates due to the 

change of the charge balance of the porphyrin molecular tectons [78-80]. Since pKa(-

SO3H)=4.8, sulfonic groups of the meso-sulfonatophenyl substituents of the porphyrin ring of 

the Mn(III)TSPP complex start to be protonated at pH 4, thus diminishing the net negative 

molecular charge. This process can result in a closer approach and association of the MnTSPP 

porphyrin molecules, which is often responsible for the lower extinction coefficients. At the 

same time, molecular association decreases the axial ligand positions available for oxygen and 

hydrogen peroxide reactions. 

Interestingly, the color and the absorption spectra of the solutions manifested no 

essential changes after electrochemical experiments, Fig. 12, which implies that the porphyrin 

complexes were more stable at these conditions than in the neutral and alkaline media. In the 

neutral and alkaline media with the low concentration of hydrogen ions necessary for the 

reduction of oxygen and hydrogen peroxide, the porphyrin molecules could undergo oxidative 

fragmentation to smaller -conjugated compounds, which absorb above 350 nm, as discussed 

in Sections 3.3 and 3.4, leading to the epoxidation of the C=C double bonds (similar to the 

epoxidation reaction with H2O2 catalyzed by Mn(III) complexes) [4, 27], thus inducing a faster 

degradation of the porphyrin catalysts to the smaller fragments, as evidenced from the 

absorption spectroscopy experiments. At pH 4, the hydrogen ions are more readily available 

from the media both for the porphyrin ligand reduction (Scheme 2) and incompletely reduced 

oxygen (Eqs. 1-10). 
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Fig. 12. Absorption spectra at pH 4: MnTSPP solution (initial concentration 910-5 M) after 

electrochemical experiments in a deoxygenated solution (solid green line) and in the presence 

of oxygen (black line), insert shows the spectrophotometric measurements of the diluted 

MnMPyP solutions after electrochemical experiments in a deoxygenated solution (black line) 

and in the presence of oxygen (orange line). 

 

Conclusion. 

This paper presents the results of the study on the electrochemical properties and 

biomimetic activity of a series of water-soluble meso-substituted Mn(III) porphyrin complexes 

in the electrocatalytic reduction of hydrogen peroxide in aqueous solutions. MnTMPyP was 

most effective in the electrocatalytic reduction of hydrogen peroxide in comparison with other 

representative water-soluble porphyrins, MnTCPP and MnTSPP, due to the higher electron 

transfer constant, positive molecular charge, and the electron-withdrawing properties of its 

meso-substituents of the porphyrin macrocycle. Although electrocatalytic reduction of 

hydrogen peroxide was observed in all three pH regions in the deoxygenated buffer and in the 

presence of oxygen, a strong difference was manifested in neutral, alkaline, and acidic media. 

Higher electrocatalytic activity was observed in alkaline and acidic media in the presence of 

oxygen due to the deprotonation of hydrogen peroxide in alkaline media and the availability of 

hydrogen ions participating in the reduction reaction in acidic media, respectively. Mechanisms 

of the interactions and the intermediate products are proposed and discussed. The results of this 

study demonstrate that the electrochemical systems with biomimetic manganese porphyrin 

complexes can provide a means of electrochemically synthesizing intermediates derived from 

oxygen or incompletely reduced oxygen and can also be employed for the development of non-

enzymatic hydrogen peroxide sensors, biomimetic (electro)catalysis, and energy research. The 

results also imply that in biological systems in the presence of the reducing agents which can 

initiate a MnIII/IIP reduction process, formation of the reactive oxygen species such as the 
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superoxide anion radical and hydrogen peroxide from oxygen reduction as well as their further 

reaction pathways should be considered simultaneously in the presence of this biomimetic 

catalyst.  
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