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Abstract 
Using the methods of quantum-chemical modeling, the influence of unsaturated dibasic organic acids on the 
thermodynamic characteristics of the one-electron oxidation reaction of Mn2+ acidoacquacomplexes, which 
determine the basic level of energy efficiency of the electrochemical synthesis of MnO2 , was investigated. It is 
shown that the monodentate anionic forms of maleic (HM–) and fumaric (HF–) acids do not have any advantages 
over the anions of monocarboxylic acids, in particular, acetate ions. On the contrary, the formation of hydrogen 
bonds with intraspherical water molecules by the second carboxyl group, which is not bound to the central atom, 
significantly impairs the effectiveness of the influence of HM– and HF– anions on the stage of electron extraction 
from the complexes [Mn2+(L)(H2O)5]. The value of the standard redox potential E0 (Mn2+/Mn3+) of ionic systems with 
single-charged anions of maleic and fumaric acids is 1.05 V and 0.99 V, respectively, which is much higher than E0 
(Mn2+/Mn3+) of acetate complexes (0.66 V), currently recommended for practical use. The presence in the internal 
coordination sphere of Mn2+ acid-acid complexes of bidentate-bonded double-charged maleic acid anion reduces E0 
(Mn2+/Mn3+) to 0.32 V, which is twice less than in acetate electrolyte. The prospects of maleate electrolytes are also 
enhanced by the ability of unsaturated anions M2- to catalyze the disproportionation stage of Mn3+ complexes. 
Keywords: complex compounds of manganese; fumaric and maleic acids; electrooxidation; DFT method. 

ВПЛИВ АНІОНІВ НЕНАСИЧЕНИХ ОРГАНІЧНИХ КИСЛОТ НА ПРОЦЕС 
ЕЛЕКТРООКИСНЕННЯ АКВАКОМПЛЕКСІВ МАНГАНУ (ІІ) 
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Анотація 
З використанням методів квантово-хімічного моделювання досліджено вплив ненасичених двоосновних 
органічних кислот на термодинамічні характеристики реакції одноелектронного окиснення 
ацидоаквакомплексів Mn2+, які визначають базовий рівень енергоефективності процесу електрохімічного 
синтезу MnO2. Показано, що монодентатні аніонні форми малеїнової (НМ–) та фумарової (HF–) кислот не 
мають будь-яких переваг відносно аніонів монокарбонових кислот, зокрема, – ацетат-йонів. Навіть навпаки, 
утворення водневих зв’язків з внутрішньосферними молекулами води другою карбоксильною групою, яка 
не зв’язана з центральним атомом, суттєво погіршує ефективність впливу аніонів НМ– i HF– на стадію 
вилучення електрона з комплексів [Mn2+(L)(H2O)5]. Величина стандартного редокс-потенціалу E0(Mn2+/Mn3+) 
йонних систем з однозарядними аніонами малеїнової і фумарової кислот становить 1.05 В і 0.99 В 
відповідно, що значно перевищує E0(Mn2+/Mn3+) ацетатних комплексів (0.66 В), наразі рекомендованих до 
практичного використання. Присутність у внутрішній координаційній сфері ацидоаквакомплексів Mn2+ 
бідентатно зв’язаного двозарядного аніона малеїнової кислоти зменшує E0(Mn2+/Mn3+) до 0.32 В, а це вдвічі 
менше, ніж в ацетатному електроліті. Перспективність малеїнатних електролітів посилюється також 
здатністю ненасичених аніонів М2– каталізувати стадію диспропорціонування комплексів Mn3+. 
Ключові слова: комплексні сполуки Мангану; фумарова та малеїнова кислоти; електроокиснення; DFT-метод. 
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Introduction 
Synthetic manganese (IV) oxide is used in 

various fields [1–9]. Thus, MnO2 nanoparticles 
are widely used in energy storage devices taking 
into account the vector of "green" energy [30], 
catalysts [30; 32; 33], sensors [23–26], 
adsorbents, biochemical and medical fields 
[34; 36]. The specific capacitance of such 
capacitors can reach 272 F/g (for the 
crystallographic form of δ-MnO2) and 311 F/g 
(for γ-MnO2), moreover, nanosheets retain up to 
91 % of the initial capacity after 10,000 
charge/discharge cycles. Crystalline phases have 
an advantage over amorphous phases, and the 
capacity increases in KI, Na2SO4 electrolytes, and 
more in the first one [27; 38]. In the 
electrocatalytic sense, the crystallographic form 
of α-MnO2  nanoparticles has relatively high 
reducing properties with respect to O2 and a 
powerful O2-absorbing capacity [27]. A 
nanocomposite material consisting of a glassy 
carbon electrode modified with reduced 
graphene oxide (rGO) and incorporating MnO2 
nanowires has been shown to be promising for 
the sensitive and selective determination of 
bisphenol A (BPA) in plastic samples of 
household, food and medical use in the context of 
trace amount monitoring with a detection limit of 
6.0 nmol/L [25]. Nanodispersed MnO2  exhibits a 
promising bio-directed electrocatalytic property 
for the oxidation-reduction of H2O2, which has 
applications in the field of biomedicine, in 
particular in non-enzymatic biosensors of H2O2, 
thiols, glutathione, xenoestrogens. A new cellular 
3D-electrochemical bioelectrosensor based on 
the identification of exocellular level of H2O2 
(sensitivity was 0.02 μmol/L) by catalytic 
reaction with MnO2 was developed for the in vitro 
evaluation of antioxidant activity of 16 
anthocyanins and their glycoside derivatives as 
components of natural foods [23]. The technique 
is also used for the detection of NO2

–-ions taking 
into account pH and doped impurity ions that do 
not interfere with the identification of the former. 
The research of the authors [35] showed that 
nanodispersed MnO2 and its composites can be 
used as antibacterial (against G+ and G– bacteria) 
and antifungal drugs, and the MnO2/black cumin 
composite has prospects as an antibacterial agent 
for drinking water purification. Nanocomposite 
copolymer-MnO2 is an effective material for 
wastewater treatment from organic pollutants 
[39]. Nanodispersed MnO2 can potentially be used 
in MR imaging as well as targeted drug delivery. 
The high reactivity of highly dispersed MnO2  with 

H2O2 cells can be used to alleviate cellular 
hypoxia in the treatment of some cancers. The 
catalytic tubular micrometer based on MnO2 
nanoparticles prepared by template 
electrodeposition can function as self-propelled 
therapeutic devices for anticancer drug delivery 
[27]. 

Electrochemical extraction of synthetic 
manganese (IV) oxide is traditionally carried out 
in sulfate electrolytes [10]. Their main drawback 
is that due to the high redox potential of the 
initial stage of the reaction  

Mn2+ – 2e– + 2H2O = MnO2 + 4H+ ,  
namely Mn2+ – e– = Mn3+ (E0  = 1.51 V),  

formation of the target product is accompanied 
by electro-oxidation of water (E0  = 1.23 V):  

H2O – e– = ·OH + H+; 
2·OH = Н2O + ½O2. 
In addition to unproductive energy 

consumption, this leads to deterioration of the 
quality of the oxide film due to the loosening 
effect of gaseous oxygen. 

In [11], the authors proposed to implement 
the electrooxidation of Mn2+ ions in acetate 
medium. As it turned out [12; 13], due to the 
entry of acetate ions into the internal 
coordination sphere of manganese 
aquacomplexes, the standard potential of the 
reaction Mn2+ – e– = Mn3+ decreases to 0.66 V, 
which is approximately 0.5 V more negative than 
the E0 of the oxygen extraction process. However, 
since E0 of the process of the next electron 
extractionfrom the intermediate Mn(Aс)2+ 
remains very high (2.13 B [13]), and the 
elimination of the reaction H2O – e– = ·OH + H+ 
removed the effective oxidant (OH-radicals) from 
the electrode surface, the formation of MnO2 in 
acetate solutions occurs due to the 
disproportionation of Mn(Aс)2+ complexes and 
the hydrolysis of the highly oxidized form of 
Mn(Aс)3+. Trivalent manganese complexes 
Mn(Ас)2+ are also prone to hydrolysis, therefore, 
the precipitate electrolytically released on the 
anode contains not only MnO2 crystals, but also 
MnO(OH) [14; 15]. The ratio of these forms 
determines the catalytic properties of MnO2 films, 
their adsorption activity, electrical conductivity 
and other physical and chemical characteristics. 

   Based on the above mechanism of the 
reaction of electrooxidation of Mс(Aс)+ ions it is 
obvious that one of the most important factors 
influencing the composition of MnO2 and the 
process of its production is the nature of the 
organic ligand, which should provide, on the one 
hand, a low oxidation potential of Mn2+ ions, and 
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on the other hand, a high rate of 
disproportionation of Mn3+ ions. 

In order to improve the characteristics of the 
main stages of the electrochemical synthesis of 
MnO2 , we considered it expedient to switch from 
monodentate ligands, which are acetate ions, to 
bidentate ones. Maleic and fumaric acids were 
chosen as the latter. Anions of these unsaturated 
acids in the composition of binuclear complexes 
Mn-L-Mn are able to act as an electron bridge in 
intramolecular redox processes. 

Details of the initial stages of the reaction Mn2+ 
– 2e– = MnO2 in the presence of organic acid 
anions were investigated by quantum chemical 
modeling. 

 

Research results and their discussion 
Quantum chemical modeling was carried out 

using the Gaussian 09 program [16] and the 
Wachters+f basis set for manganese atoms and 6-
311G for carbon, oxygen and hydrogen atoms 

[17]. The DFT method with B3LYP functional was 
used in the calculations [18; 19]. The solvent was 
taken into account using the polarization 
continuum DSM model [20; 21].  Other details are 
given in [13].  

Table 1 presents the results of the calculations 
of the electron density distribution in the 
complexes [Mn+z (L)(H2 O)n ], and Fig. 1 shows 
their spatial structure. The octahedral structure, 
which is energetically the most advantageous for 
manganese aqua complexes, was taken as the 
basic model [13]. During the optimization 
process, it remained unchanged for all complexes, 
except for the compounds of manganese ions 
with M2- , where the bidentate binding of fully 
deprotonated anions to the manganese cation 
leads to a natural decrease in the number of 
coordinated water molecules from 5 to 4 (z = 3), 
and to 3 (z = 2). 

Table 1 
Charge distribution on manganese atoms and ligands in [Mn(L)(H2O)n]z+ complexes 

 
Complex Central atom 

charge, е 
Organic ligand 

charge, е 
Total charge of 

water molecules, е 

Mn2+(HM-)(H2O)5 1.1300 –0.6278 0.4948 
Mn3+(HM-)(H2O)5 1.4260 –0.3125 0.8865 
Mn2+(M2-)(H2O)3 1.1140 –1.4660 0.3520 
Mn3+(M2-)(H2O)4 1.3496 –1.0081 0.6585 
Mn2+(HF-)(H2O)5 1.1639 –0.6690 0.5051 
Mn3+(HF-)(H2O)5 1.4599 –0.3883 0.9284 
Mn2+(F2–)(H2O)5 1.1510 –1.6240 0.4750 
Mn3+(F2–)(H2O)5 1.1590 –0.6780 0.5190 

 

а)   b)  
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c)  d)  

e) f) 

k)  l)  
 

Fig. 1. Spatial structure of complexes a) Mn2+(HM–)(H2O)5 ; b) Mn3+(HM–)(H2O)5 ; c) Mn2+(M2-)(H2O)3;  
(d) Mn3+(M2–)(H2O)4; (e) Mn2+(HF–)(H2O)5; (f) Mn3+(HF–)(H2O)5; (k) Mn2+(F2–)(H2O)5; (l) Mn3+(F2–)(H2O)5 

 
The complexes [Mn3+(M2-)(H2O)4] and 

[Mn2+(M2-)(H2O)3] are also characterized by the 
fact that the organic ligand does not form 
hydrogen bonds with intraspherical water 
molecules (Fig. 1c, d). In contrast, 
monoprotonated maleinate and fumarate ions 
are subject to such interaction (Fig. 1a, b, e, f). 
Hydrogen bonds are also formed by monodentate 
fumaric acid anions F2- (Fig. 1k, l). 

In [13], it was shown that when an electron is 
removed from homogeneous Mn2+ 
aquacomplexes, the charge of the central atom 
increases by 0.446 e, and 0.554 e is distributed 
approximately evenly between the six water 
molecules of the inner coordination sphere. It can 
be seen from Table 2 that in monosubstituted 
manganese acidoacqua complexes the degree of 
increase of the charge of the central atom 
becomes smaller, apparently, due to the greater 
electron donation of the anions of dibasic organic 
acids compared to the molecules of H2O. Thus, in 
the case of single-charged ligands HM– and HF– 

Δ(Mn) it is 0.293e and 0.296e, respectively. When 
moving to the two-charged anions M2- and F2- the 
picture becomes different. In complexes with M2–, 
the value of Δq(Mn) is close to the previous 
structures (0.2846e), while in complexes with F2– 
the charge of the central atom almost does not 
change: Δq(Mn) = 0.018e. Consideration of the 
distribution of electron density between all 
structural elements showed that this was due to 
the fact that the electron was removed not from 
the orbitals of the manganese cation, but from the 
anion F2– : Δq(F2–) = 0.941e. 

As can be seen from Table 2, with the 
unchanged value of Δq(Mn) in complexes with 
monoprotonated form of acid residues, the share 
of positive charge, which is localized on water 
molecules, is greater in the case of fumarate ions 
(0.4233e). Here Δq(H2O) exceeds even the 
corresponding value in maleate complexes with 
double-charged anion, in which 
Δq(H2O) = 0.3435e. 
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Table 2  
Change of charge of structural elements of 

complexes [Mn2+(L)(H2O)n] at their one-electron 
oxidation 

 

L Δq(Mn)        Δq(L)       Δq(H2 O) 

HM– 0.2930       0.3153   0.3917 

HF– 0.2960       0.2807       0.4233 

M2– 0.2846       0.3719       0.3435 

F2– 0.0180       0.9410       0.0410 

 

The revealed effect is explained by the 
geometric features of the structure of maleic and 
fumaric acids. As can be seen from Fig. 1a, b, the 
spatial arrangement of carboxyl groups in the 

HM- anion allows both oxygen atoms of both -C=O 
fragments to form hydrogen bonds with 
hydrogen atoms of intraspherical water 
molecules. In complexes with HF– only one –C=O 
fragment is available for such interaction 
(Fig. 1e, f). 

Using the information about the change in the 
electronic energy of the clusters 
[Mn2+(L)(H2O)n](H2O)5-n at the removal of an 
electron from them ΔEe = Ee·{Mn3+(L)(H2O)x} – 
Ee·{Mn2+(L)(H2O)x}, we calculated the values of 
the standard potentials of the corresponding 
redox processes. They are given in Table 3. 

The calculation was performed using the 
correlation formula E0 = –4.082 + 0.009 ΔEe [22]. 

Table 3 
Electronic energy values of manganese complexes, energetics and standard redox potentials of one-electron 

oxidation of Mn2+ 
Complex Electronic energy, 

Hartree 
Ее 

Energy difference 
Mn2+ /Mn3+ , Hartree 

ΔEе 

Energy difference 
Mn2+ /Mn3+ , 

kJ/mol 

E0  (Mn2+ / 
Mn3+ ), B 

Mn3+ (HM– )(H2O)5 –1987.98997 
0.2170 570 1.05 

Mn2+ (HM– )(H2O)5 –1988.20127 
[Mn3+ (M2– )(H2O)4 ](H2O) –1987.54354 

0.1864 489 0.32 
[Mn2+ (M2- )(H2O)3 ](H2O)2 –1987.69875 

[Mn3+ (HF– )(H2O)5 ] –1987.97955 
0.2148 564 0.99 

[Mn2+ (HF– )(H2O)5 ] –1988.19392 
[Mn3+ (F2– )(H2O)5 ] –1987.52635 

0.1956 514 0.54 
[Mn2+ (F2– )(H2O)5 ] –1987.72198 

 

As expected, the bidentate binding of maleic 
acid anions significantly affected the energy of 
the process Mn2+ – e– = Mn3+ and, thus, the value 
of the standard potential. Its value dropped to 
0.32 V, which is almost twice less relative to 
acetate complexes (E0 = 0.66 V [13]). 

It is characteristic that monodentate bound 
anions of dibasic acids affect E0 to a lesser extent 
compared not only with bidentate M2- , but also 
with acetate ions. Probably, the formation of the 
second carboxyl group of ions HM–, HF–, F2– of a 
number of hydrogen bonds with intraspherical 
water molecules weakens their donor activity. In 
the absence of these bonds in both participants of 
the redox process [Mn2+(M2-)(H2O)3] – e– = 
[Mn3+(M2-)(H2O)4] the greatest decrease in E0 is 
observed. 

Taking into account the best indicators of the 
action of M2– anions on the thermodynamic 
characteristics of the process Mn2+ – e– = Mn3+ , 
we considered the second, no less important 

stage of the synthesis of MnO2 – 
disproportionation of Mn3+ complexes, with their 
participation. For this purpose, a dimer of two 
complexes [Mn3+(M2-)(H2O)4] was created. After 
optimization, it took the form shown in Fig. 2а. 
The obtained binuclear structure 
[(H2O)3Mn3+(M2-)Mn3+(M2-)(H2O)5] is definitely 
asymmetric due to the different composition of 
the nearest environment of Mn3+ ions. This 
naturally could not but affect the distribution of 
electron density in the dimer. Indeed, the charge 
of the manganese cation, with which both M2– 
anions are in contact, is 1.4263e, while the 
second one is only 1.0903 e. The comparison of 
the obtained values with the values of charges of 
manganese cations in the complexes          
[Mn3+(M2-)(H2O)4] (1.3496) and                  
[Mn2+(M2-)(H2O)3] (1.1140) in the first 
approximation indicates the realization of the 
disproportionation act in the presented binuclear 
system. 
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a) 

 

b) 

Fig. 2. Spatial structure of complexes a) Mn3+ (M2–)(H2O)5 Mn3+ (M2–)(H2O)3 ;  
(b) [Mn4+(M2–)(OH– )(H2 O)2] and [Mn2+ (HM– )(H2 O)5] 

 

The launch of fluctuation processes in the 
structure of the dimer revealed the possibility of 
migration of one of the protons of the water 
molecule, which is a ligand near the first 
manganese cation, to the carbon group of the 
anion M2– , followed by the decomposition of the 
system into two stable particles                 
[Mn4+(M2–)(OH–)(H2O)2] and [Mn2+(HM–)(H2O)5] 
(Fig. 2b). The found spin values of manganese 
cations in these complexes are 3.0332 and 
4.8578, or rounded 3 and 5, respectively. In 
contrast to the charge values of the structural 
units of the molecular system according to 
Maliken, which differ significantly from the 
oxidation degrees, the spin values unambiguously 
indicate the type of ionic state of a particular 
atom. This allows us to affirmatively indicate the 
oxidation degrees of manganese in the formed 
complexes. 

Since the energy of the formed complexes was 
14 kJ/mol higher than the energy of the dimer, 

we can say that the disproportionation process of 
the complexes [Mn3+(M2-)(H2O)4] has a small 
activation barrier. 

 

Conclusions 
Quantum-chemical study of the influence of 

dibasic organic acids on the thermodynamic 
characteristics of the one-electron oxidation of 
Mn2+ acido-aqua complexes has shown that in the 
case of monodentate binding of their anions, the 
system has no advantages over the anions of 
monocarboxylic acids, in particular, acetate ions. 
The formation of hydrogen bonds with 
intraspherical water molecules by the second 
carboxyl group, which is not bound to the central 
atom, significantly impairs the effectiveness of 
the monodentate forms on the stage of electron 
extraction from the complexes [Mn2+ (L)(H2 O)5 ].  

Thus, the value of E0 (Mn2+ /Mn3+) of ionic 
systems with single-charged anions of maleic and 
fumaric acids is 1.05 V and 0.99 V, respectively, 
which is much higher than E0 (Mn2+ /Mn3+ ) of 
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acetate complexes (0.66 V), currently 
recommended for practical use. 

The presence of a bidentate double-charged 
maleic acid anion in the internal coordination 
sphere reduces E0 (Mn2+ /Mn3+) to 0.32 V, which 
is half that in acetate electrolyte. 

The prospect of the use of maleic acid in the 
electrochemical synthesis of MnO2 is further 
supported by the ability of M2- anions to 
catalytically influence the disproportionation 
stage of the complexes [Mn3+(M2-)(H2O)4]. 
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