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• In α, β and δ-MnO2, Mn(III) content 
correlates with rate of organic 
degradation. 

• A ternary Mn–SO3
−—O2 complex stabi

lizes Mn(III) in the aqueous system. 
• O2 is activated to O2

2− under acidic 
conditions and can generate OH 
radicals.  
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A B S T R A C T   

Organic contaminants can be removed from water/wastewater by oxidative degradation using oxidants such as 
manganese oxides and/or aqueous manganese ions. The Mn species show a wide range of activity, which is 
related to the oxidation state of Mn. Here, we use ab initio molecular dynamics simulations to address Mn 
oxidation states in these systems. We first develop a correlation between Mn partial atomic charge and the 
oxidation state based on results of 31 simulations on known Mn aqueous complexes. The results collapse to a 
master curve; the dependence of partial atomic charge on oxidation state weakens with increasing oxidation 
state, which concurs with a previously proposed feedback effect. This correlation is then used to address 
oxidation states in Mn systems used as oxidants. Simulations of MnO2 polymorphs immersed in water give 
average oxidation states (AOS) in excellent agreement with experimental results, in that β-MnO2 has the highest 
AOS, α-MnO2 has an intermediate AOS, and δ-MnO2 has the lowest AOS. Furthermore, the oxidation state varies 
substantially with the atom’s environment, and these structures include Mn(III) and Mn(V) species that are 
expected to be active. In regard to the MnO4

−/HSO3
−/O2 system that has been shown to be a highly effective 

oxidant, we propose a novel Mn complex that could give rise to the oxidative activity, where Mn(III) is stabilized 
by sulfite and dissolved O2 ligands. Our simulations also show that the O2 would be activated to O2

2− in this 
complex under acidic conditions, and could lead to the formation of OH radicals that serve as oxidants.   

1. Introduction 

Ecosystems and human health are threatened by anthropogenic 

organic compounds in surface and ground water, which often enter the 
environment through wastewater discharge (Looset al., 2009). For 
example, hormonal responses of animals and humans are altered by 
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endocrine disruptors such as bisphenol A, a heavily-used precursor in 
polycarbonate production (Kabir et al., 2015; Voutsa et al., 2006). 
Antibacterial-resistant strains of pathogens are promoted by chemicals 
used for different purposes, including antibacterial additives such as 
triclosan in personal care products (Xiong et al., 2015). The develop
ment of technology to remove such contaminants from contaminated 
water is imperative, and more effective and efficient technology can be 
facilitated by a fundamental scientific understanding of the underlying 
processes. It is with this motivation that we carry out an atomic-level 
study of the properties of oxidizing agents that can be used in water 
and wastewater treatment. 

Organic contaminants can be removed from wastewater by oxidative 
degradation. Amorphous and crystalline manganese oxides (Zhang and 
Huang, 2003; Lin et al., 2009; Zhang et al., 2015) and aqueous man
ganese ions (Nowack and Stone, 2002; Jiang et al., 2009, 2010; Sun 
et al., 2015; Gao et al., 2017, 2018), are promising oxidants for this 
purpose. These oxidants, however, show a wide range of activity, the 
reasons for this variation are not well understood. The predominant line 
of thought is that the oxidative activity is related to the oxidation state of 
Mn. Mn with an oxidation state of three, Mn(III), is thought to act as a 
particularly effective oxidant, and the oxidative activity of manganese 
oxides has been examined in terms of Mn(III) content. Some studies 
found that crystal polymorphs with a stoichiometry that generates Mn 
(III) species have higher oxidative activity (Robinson et al., 2013), but 
other studies found that this conclusion does not hold generally for all 
reactions (Pokhrel et al., 2015). In regard to the wastewater-relevant 
reaction of bisphenol A, the oxidative activity was found to vary 
significantly between MnO2 crystalline polymorphs, in a way that 
correlated with spectroscopic signatures of Mn(III) content (Huang 
et al., 2018). To further complicate the situation, evidence suggests that 
surface defects may play an important role in oxidative activity (Cheng 
et al., 2013; Tompsett et al., 2014a; Penget al., 2017). 

Mn(III) is also thought to be important in aqueous solutions. Organic 
contaminants can be degraded in reactions oxidized by MnO4

− (Wal
demer and Tratnyek, 2006), where the oxidation state is Mn(VII). 
However, the reaction rate is several orders of magnitude faster when 
HSO3

− is added, presumably due to the formation of Mn(III) from the 
reaction of MnO4

− and HSO3
− (Sun et al., 2015; Gao et al., 2017, 2018). 

While Mn(III) is not stable as an isolated ion in aqueous solutions, it can 
be stabilized by ligands. In some cases, ligands are attached intention
ally to stabilize Mn(III) (Duckworth and Sposito, 2005), while in other 
cases the complexation occurs naturally with (often-unknown) ligands 
(Tebo et al., 2013). Our recent study demonstrated that the enhanced 
catalytic activity in MnO4

−/HSO3
− is furthermore dependent on dis

solved oxygen in the solution (Zhong and Zhang, 2019), presumably 
because Mn(III) is stabilized by both HSO3

− and dissolved O2. However, 
the identity of the complex that stabilizes Mn(III), and how oxygen 
participates in the catalytic process, are open questions. Moreover, other 
Mn oxidation states, such as Mn(V) and Mn(VI), may play important 
roles in oxidation as well. For example, MnO4

−/HSO3
− rapidly oxidizes 

methyl phenyl sulfoxide while MnO2/HSO3
− does not, which led to the 

suggestion that Mn(V) is the active species (Gao et al., 2019; Chen et al., 
2020). 

Despite the utility of oxidation states, their relationship to funda
mental molecular-level properties is not clear. Oxidation states are ob
tained from a set of simple rules that conceptually shift electrons 
between atoms so that certain atoms have either empty or full valence 
electron octets (Walsh et al., 2018; Karen, 2015). For example, in 
KMnO4, the K and O atoms have empty or full octets when the atoms 
have the formal charges K+1, Mn+7, and O−2; thus Mn is said to have the 
oxidation state Mn(VII). On the other hand, quantum chemistry gives a 
continuous electron density distribution throughout the system—it is 
not possible to rigorously characterize the charge of any particular atom. 
Nonetheless, a standard tool in chemistry is to assign to each atom a 
“partial atomic charge”, which is a non-integer value obtained by using 
an algorithm to partition the electron distribution among the atoms. At 

first glance, one might expect the partial atomic charges would equal the 
oxidation states—but this is not the case (Resta, 2008; Jansen and 
Wedig, 2008; Aullon and Alvarez, 2009; Wang et al., 2014; Wolczanski, 
2017; Walsh et al., 2017; Koch and Manzhos, 2017). One reason for this 
discrepancy is that the idea of partitioning electrons to atoms is funda
mentally flawed, due to the delocalized nature of the electrons and the 
arbitrariness of any partitioning scheme. But more significantly, a 
feedback effect occurs for the electron distributions—as more electrons 
are transferred to a given atom, the electron-electron repulsion causes 
this electron distribution to be increasingly spread out away from the 
atom center. The feedback effect therefore leads to a weakened depen
dence of partial atomic charge on the oxidation state (Raebiger et al., 
2008). 

While there is no rigorous relationship between oxidation state and 
partial atomic charge, some studies have shown that these quantities do 
appear to be correlated in metal oxide systems, the class of systems that 
we are interested in. A correlation has been shown over two or three 
systems with different oxidation states: Mn(H2O)x complexes (Oxford 
and Chaka, 2011); MnO and MnO2 (Hsu et al., 2013); Pd2O, PdO and 
PdO2 (Alexopoulos et al., 2019); and Cu2O and CuO (Iyemperumal and 
Deskins, 2017). However, we are not aware of studies that have 
addressed whether a correlation would hold over a more extensive set of 
systems. 

Here, we examine oxidation states in manganese systems that serve 
as oxidants for water/wastewater treatment using ab initio molecular 
dynamics simulations. The term “ab initio” denotes that the forces be
tween nuclei are obtained by solving (approximately) the Schrodinger 
equation for the electrons, and the term “molecular dynamics” denotes 
that the simulation determines the time-dependent trajectory for the 
nuclei by numerically integrating Newton’s equation of motion. We first 
construct a correlation between partial atomic charge and oxidation 
state for Mn systems based on an extensive set of 31 simulations of 
known Mn ion complexes in aqueous solution. We then address oxida
tion states in three MnO2 polymorphs immersed in water. In contrast to 
ideal crystal surfaces, our simulations on nanoscale structures feature a 
variety of Mn environments and types of interactions with water, which 
could yield insights into the behavior of surface defects. We also propose 
aqueous Mn complexes that could give the MnO4

−/HSO3
−/O2 system 

the catalytic activity that we showed experimentally (Zhong and Zhang, 
2019), and we analyze the stability and oxidation states of these 
complexes. 

2. Computational methods 

Ab initio molecular dynamics simulations were carried out using 
density functional theory (DFT) implemented in the SIESTA software 
package (Soler et al., 2002). These simulations are based on the 
Born-Oppenheimer approximation, in which the electron distribution, 
energy and forces between nuclei are found at each time step by solving 
the DFT approximation of the Schrödinger equation (Sholl and Steckel, 
2009). The trajectories of the nuclei are obtained by numerically inte
grating the classical equations of motion with these forces. 

Simulations for aqueous manganese ion complexes were carried out 
with 40–70 water molecules and 0 to 7 counter ions. These systems were 
made up of ~120–250 atoms. Periodic boundary conditions were used 
in order to model behavior in a bulk water phase. The simulations were 
carried out at constant temperature and volume, with cell dimensions 
chosen to achieve an overall density of 1 g/mL; the simulation cells had 
edge-lengths ranging from 11.0 to 13.7 Å. 

Simulations were carried out on nanoscale structures of MnO2 
immersed in water. Again, periodic boundary conditions were used in 
order to model behavior in a bulk water phase. The α-MnO2, β-MnO2, 
and δ-MnO2 structures were composed of 16, 10 and 9 MnO2 units, 
respectively. Note that for such small structures, the surfaces do not 
correspond to crystallographic planes. These simulations also included 
120, 80 and 53 water molecules, respectively, where the number of 
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water molecules was chosen so that there would be at least several layers 
of water molecules between periodic images of the MnO2 structures. In 
total, these systems were made up of 186–408 atoms. The simulations 
were carried out at constant temperature and pressure (atmospheric 
pressure); the resulting simulation cells had edge-lengths ranging from 
11.6 to 14.9 Å. 

The ab initio molecular dynamics simulations are extremely compu
tationally intensive, and only allow simulations on the order of pico
seconds. This timescale is too short to ensure the equilibration of the 
water molecules, in regard to the formation of the hydrogen bonded 
network of water molecules in the water phase, as well as the proper 
orientation of water molecules near the complex. Therefore, as a first 
step in preparing the simulation cell, we used a force-field-based mo
lecular dynamics simulation to equilibrate the system. This simulation 
was run for about 5 ns, using the GROMACS software package 
(Berendsen et al., 1995). The final configuration of the force-field-based 
simulation was used as the starting configuration for the ab initio mo
lecular dynamics simulation. 

The ab initio electron structure calculations were carried out with the 
PBE generalized gradient approximation for the exchange-correlation 
functional (Perdew et al., 1996). Double zeta basis sets with polariza
tion and norm-conserving Troullier-Martins pseudopotentials (Troullier 
and Martins, 1991) were used. The energy convergence threshold used 
for the self-consistent field cycle was 10−4 eV. The trajectories of the 
nuclei were numerically integrated with a time step of 1 fs. Temperature 
was controlled with a Nosé thermostat at 300 K, and pressure in the 
MnO2 polymorph simulations is controlled with the Parrinello-Rahman 
method at 1 atm. The simulations were carried out for durations of 1–5 
ps. 

Partial atomic charges were determined using the Bader method 
(Bader, 1994), in which each atom is assigned the electron distribution 
within the region defined by positions of minima in the charge density 
separating the atom’s nucleus from its neighboring atoms’ nuclei. The 
Bader charge calculation is carried out using the code from Henkelman 
et al. (Henkelman et al., 2006; Artacho et al., 2018) Partial atomic 
charges were determined at five equally spaced time intervals during the 
final 20% of the simulation, and the average of these values was used. 

3. Results and discussion 

Our strategy was to first develop a correlation between the partial 
atomic charge and the oxidation state of Mn ions based on results for 
simulations with a series of known Mn complexes. We then used this 
correlation to determine Mn oxidation states in MnO2 polymorphs, and 
in novel Mn complexes that we propose to possibly give rise to oxidative 
activity in the MnO4

−/HSO3
−/O2 system. 

3.1. Correlating Mn partial atomic charge with oxidation state 

A series of simulations was carried out on aqueous solutions 
involving five Mn ion complexes, which are shown in Fig. 1. These 
complexes were selected because they are well known and cover a wide 
range of oxidation states in their most favorable forms; for instance, 
KMnO4 has an Mn oxidation state of +7, the isolated Mn ion typically 
has an oxidation state of +2, and the other complexes have oxidation 
states that lie between these values. To generate more data points with 
different Mn oxidation states, various numbers of K and Cl atoms were 
systematically added as additional solutes with the expectation that they 
would ionize—as the overall system is neutral, changing the number of 
ions in the system changes the formal charge of the Mn complex, and 
therefore the oxidation state of the Mn ion. The systems that were 
simulated is listed in Table 1. 

Ab initio molecular dynamics simulations were carried out for each 

Fig. 1. Mn ion complexes used to generate the correlation between Mn partial atomic charge and oxidation state.  

Table 1 
Inputs and results for simulations that were used to develop the correlation 
between Mn oxidation state and partial atomic charge.  

Input Results 

Ion complex Additional atoms Ions in solution ZMn-X ZMn QMn 

MnO4 

ZX = −8 
6 K 6 K+ −6.00 +2.00 +1.36 
5 K 5 K+ −5.00 +3.00 +1.65 
4 K 4 K+ −4.00 +4.00 +1.72 
3 K 3 K+ −3.00 +5.00 +1.81 
2 K 2 K+ −2.00 +6.00 +1.86 
1 K 1 K+ −1.00 +7.00 +1.89 

Mn-NTA 
ZX = −3 

1 K 1 K+ −1.00 +2.00 +1.40 
– – 0.00 +3.00 +1.69 
1 Cl 1 Cl− +0.99 +3.99 +1.79 
2 Cl 2 Cl− +1.92 +4.92 +1.86 
3 Cl 2 Cl−, 1H3O+ +0.95 +3.95 +1.79 

Mn-EDTA 
ZX = −4 

2 K 2 K+ −2.00 +2.00 +1.38 
1 K 1 K+ −1.00 +3.00 +1.65 
– – 0.00 +4.00 +1.72 
1 Cl 1H3O+ −1.00 +3.00 +1.64 
1 Cl 1 Cl− +0.70 +4.70 +1.76 
2 Cl 1 Cl−, 1H3O+ −0.03 +3.97 +1.74 
3 Cl 1 Cl− +0.81 +4.81 +1.75 

Mn-PP 
ZX = −4 

2 K 2 K+ −2.00 +2.00 +1.37 
1 K 1 K+ −1.00 +3.00 +1.70 
– – 0.00 +4.00 +1.69 
1 Cl 1 Cl− +0.98 +4.98 +1.85 
2 Cl 2 Cl− +1.35 +5.35 +1.88 
3 Cl 2 Cl−, 1H3O+ +0.90 +4.90 +1.87 

Mn ion 
ZX = 0 

2 Cl 2 Cl− +1.97 +1.97 +1.36 
3 Cl 3 Cl− +2.66 +2.66 +1.53 
4 Cl 4 Cl− +3.27 +3.27 +1.64 
5 Cl 5 Cl− +4.48 +4.48 +1.85 
5 Cl 3 Cl− +2.87 +2.87 +1.70 
6 Cl 6 Cl− +4.63 +4.63 +1.81 
7 Cl 7 Cl− +5.65 +5.65 +1.86  
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system for 1 ps. System properties, such as potential energy, were 
monitored to confirm that the system equilibrated. The partial atomic 
charge for each atom was then obtained from the Bader method. 

In all cases, the partial charge of K atom i, QK,i, was +1.00. Thus the K 
atoms always fully ionized with formal charge ZK = +1. In contrast, the 
partial atomic charge of Cl atom i, QCl,i, varied between nearly zero and a 
maximum magnitude QCl,max = −0.66. We therefore considered Cl 
atoms with charge QCl,max to be fully ionized and Cl atoms with a smaller 
charge to be partially ionized. In general, the formal charge of Cl atom i, 
ZCl,i, was obtained as 

ZCl,i = −
QCl,i

QCl,max
(1) 

Most chlorine atoms had charge QCl,i near QCl,max, and were fully 
ionized. 

Chemical reactions occurred in some of the simulations, which 
changed the number or types of ions in the system. In some cases, two 
Cl− ions combined,  

2Cl− → Cl2 + 2e− (2) 

In other cases, a Cl− ion reacted with an H2O molecule,  

Cl− + 2H2O → HClO + H3O+ + 2e− (3) 

The sum of the partial atomic charges on an H3O+ ion was always 
close to +0.4. To relate this value to the formal charge, we note that in 
water the partial atomic charges of the O and H atoms are −0.8 and 0.4, 
respectively. Since the O and H atoms in water have formal charges of 
−2 and +1, respectively, we conclude that the hydronium charge of 0.4 
corresponds to the formal charge ZH3O = +1. 

The formal charge of the Mn complex, ZMn-X, was obtained as that 
which balances the sum of the formal charges of the ions in the system, 

ZMn−X =
∑nCl

i
ZCl,i − nKZK − nH3OZH3O (4)  

where nK and nH3O are the numbers of potassium and hydronium ions in 
solution, respectively. Note that the charge on the water molecules in 
the system was found to be negligible. 

The formal charge on the Mn atom, ZMn, was then determined by 
accounting for the formal charges of the remainder of the complex, ZX, 

ZMn = ZMn−X − ZX (5) 

The values of ZX for the various complexes are given in Table 1 (note 
that ZX represents the formal charge based on valence octet rules, rather 
than a charge related to a physical electron distribution). The oxidation 
state of Mn is equal to ZMn. 

The Mn oxidation states and partial atomic charges for these simu
lations are given in Table 1. Note that the ions in solution sometimes 
differ from the atoms added to the system due to chemical reactions 
(Eqs. (2) and (3)), and the formal charge of the Mn complex is sometimes 
non-integer due to partial ionization of chlorine atoms (see Eqs. (1) and 
(4)). 

The partial atomic charges of Mn are plotted as a function of 
oxidation state in Fig. 2. The results for all 31 systems appear to collapse 
to a single master curve. The dependence of partial atomic charge on 
oxidation state is nonlinear, and the increase in charge with increasing 
oxidation state weakens as the oxidation state increases. This result 
concurs with the feedback mechanism described previously (Raebiger 
et al., 2008)–as more electrons are transferred to an atom, the electron 
distribution increasingly spreads out due to electron-electron repulsion, 
leading to a weakened dependence of partial atomic charge on oxidation 
state. 

We develop a quantitative correlation between oxidation state and 
charge by fitting to the data for the Mn ion and MnO4, and we then test 
the reliability of the correlation using the data for the other ions. The 

correlation is described by the three-parameter function, QMn = A −

Be−CZMn , where the constants A = 1.90, B = 2.12, and C = 0.68; this 
correlation, along with the 95% confidence interval, are shown in Fig. 2. 
The reliability of the correlation is confirmed in that the data for Mn 
complexes with pyrophosphate, NTA and EDTA fall within or very close 
to the 95% confidence interval. This equation is inverted to give the Mn 
oxidation state as a function of partial atomic charge, 

ZMn = −
1
C

ln(
A − QMn

B
) (6) 

Eq. (6) was used to estimate Mn oxidation states in other systems 
using simulation results for the Mn partial atomic charge. 

3.2. Estimation of Mn oxidation states in MnO2 polymorphs 

We investigate oxidation states of Mn at surfaces of α-MnO2, β-MnO2, 
and δ-MnO2. These polymorphs are all based on [MnO6] octahedral 
units, but the different topologies of these units in the polymorphs gives 
rise to different structural motifs: α-MnO2 features broad tunnels, 
β-MnO2 is close packed, and δ-MnO2 is composed of weakly-bound 
layers. Wulff construction analyses using DFT calculations determined 
the equilibrium crystal morphology of α- and β-MnO2 and identified the 
crystallographic planes that define the equilibrium morphology 
(Tompsett et al., 2014a, 2014b); for δ-MnO2, the equilibrium 
morphology consists of single-atom-thick layers that are loosely bound 
together. The stable surfaces have Mn ions with coordination numbers 
ranging from 3 to 6 for α-MnO2 and from 4 to 6 for β-MnO2; all Mn have a 
coordination number of 6 in the crystallographic plane that comprises 
the single layer of δ-MnO2. 

Real surfaces, however, are imperfect rather than ideal crystallo
graphic planes, and have defects including step edges, oxygen vacancies, 
local disorder, etc.; these defects are likely to play important roles in the 
oxidative activity of MnO2 (Cheng et al., 2013; Tompsett et al., 2014a; 
Penget al., 2017). Furthermore, we are interested in the properties of 
MnO2 in water environments, and water interacts significantly with 
oxide surfaces through both non-dissociative and dissociative modes 
(Oxford and Chaka, 2012; Ding and Selloni, 2021; Raoet al., 2018). 
These two considerations are likely coupled, as the interactions with 
water can stabilize the defects. 

Here, we address imperfect surfaces that interact with water by 
simulating nanoscale structures of MnO2 polymorphs immersed in 
water. The nanoscale α-MnO2, β-MnO2, and δ-MnO2 structures we 

Fig. 2. Mn partial atomic charge as a function of Mn oxidation state, for the 
systems listed in Table 1. The Mn oxidation state was calculated with Eq. (5). 
The data for the Mn ion and MnO4 were used to obtain the fitted curve (solid 
line) by least-squares regression and the 95% confidence intervals (dashed 
lines). The data for Mn complexes with pyrophosphate, NTA and EDTA were 
used to test the reliability of the fitted curve. 
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simulate, shown in Fig. 3, contain 16, 10 and 9 MnO2 units, respectively. 
These structures have Mn coordination numbers ranging from 2 to 6, 
and thus display a broad range of Mn environments. This approach 
differs from previous studies of MnO2 surfaces that we are aware of, 
which model semi-infinite slabs of MnO2 that expose particular crys
tallographic planes as the slab surfaces; each approach has advantages, 
with an advantage of the present approach being that the environments 
of the atoms in these structures may act as models of defect sites in 
crystals. 

Ab initio molecular dynamics simulations were carried out for the 
α-MnO2, β-MnO2, and δ-MnO2 structures in water for 1 ps. We monitored 
the potential energy and volume to confirm that the system had equil
ibrated, and then determined properties of the system. The structure was 
characterized in regard to the interactions with water. The partial 
atomic charge for each atom was obtained from the Bader method. 

The interactions of the under-coordinated Mn atoms with water were 
significant, and included both non-dissociative and dissociative in
teractions. In some cases, an H2O molecule bonded to an Mn atom via its 
O atom, and the H2O molecule became fixed in place as part of the 
crystal structure. In other cases, an H2O molecule dissociated to OH−

and H+—the OH− group bonded to an Mn atom, and the residual H+

bonded to a crystalline O atom (which converted the crystalline O atom 
into an OH− group). These water interactions increased the coordination 
number of under-coordinated Mn atoms, such that almost every Mn 
atom had six O atom neighbors of some form (in the form of O, OH or 
H2O). Fig. 4 shows snapshots from the simulation of β-MnO2 which 
highlight the interactions with water at two Mn sites; this figure shows 
that these Mn atoms have coordination numbers of six, in octahedral 
geometries, when interactions with water are included, and that both 
non-dissociative and dissociative interactions occur. For the α, β, and 
δ-MnO2 polymorphs, 100%, 80% and 89% of the Mn atoms, respec
tively, had coordination numbers of six when the interactions with 
strongly bound H2O or OH are included. Previous studies on β-MnO2 
crystallographic surfaces also showed that water interactions acted to 
complete the six-fold coordination of surface Mn atoms that had been 
under-coordinated in the absence of water (Ding and Selloni, 2021). The extent of H2O dissociation varied with the polymorph. In 

δ-MnO2, only one Mn atom was bonded to an OH group; in α-MnO2, half 
of the Mn atoms were bonded to an OH group; and in β-MnO2, all of the 
Mn atoms were bonded to an OH group, with most of the Mn atoms 
being bonded to two or more OH groups. Previous work showed that the 
propensity of water to dissociate at oxide surfaces depended on both the 
oxide composition and the particular crystallographic surface, and that 
the dissociation is driven by under-coordinated surface O atoms 
appropriating an H+ from the H2O to in order to complete the three-fold 
coordination (Ding and Selloni, 2021). Our results for the variation of 
H2O dissociation between polymorphs can be understood in this light. 
The increased H2O dissociation from δ-MnO2 to α-MnO2 to β-MnO2 
follows the increased fraction of under-coordinated O atoms in the 
structures that we simulated—55% under-coordinated O atoms in the 
δ-MnO2 structure, 63% in the α-MnO2 structure, and 80% in the β-MnO2 
structure (note that these percentages are for the nanoscale structures 
we simulated, and not for crystallographic surfaces of these 
polymorphs). 

The results for the partial atomic charges for the Mn atoms in the 
MnO2 polymorphs are shown in Table 2. The Mn oxidation states were 
estimated from the partial atomic charges using the correlation in Eq. 
(6), and are also shown in Table 2. In general, the atoms in positions that 
are equivalent by symmetry have similar partial atomic charges (and 
thus oxidation states), as indicated by the small uncertainty values in 
Table 2, which suggests that the results are well equilibrated (there is 
one exception, where there is a large uncertainty for one of the positions 
in δ-MnO2; here, we believe that the water molecules have not fully 
equilibrated around one of the Mn atoms). 

The broad range of Mn oxidation states in the MnO2 structures, from 
2.9 to 5.4, comes from the range of environments surrounding the Mn 

Fig. 3. (a) MnO2 structures examined in this study. Oxygen atoms are at the 
vertices and ends of the red bars. Mn atoms are shown as spheres, where 
spheres of the same color are positions that are equivalent by symmetry. The 
color of an Mn atom identifies the number of oxygen atoms coordinated to it: 
yellow = 2; orange = 3; green and purple = 4; tan = 5; blue = 6. (b) The system 
studied in the α-MnO2 simulations, which includes the polymorph (larger 
atoms) and water (smaller atoms); periodic boundary conditions are used, and 
the simulation cell corresponds to the central part of this figure. (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 4. Snapshots from the β-MnO2 simulation highlighting the interaction of 
two Mn atoms with water. (a) The featured Mn atom (blue) is bonded to three 
crystal O atoms (red), two of which gained H+ ions and became OH− groups. 
The featured Mn atom is also bonded to three O atoms from water (orange), one 
of which lost an H+ ion and thus became an OH− group. (b) The featured Mn 
atom (blue) is bonded to four crystal O atoms (red), one of which gained an H+

ion and became an OH− group. The featured Mn atom is also bonded to two O 
atoms from water (orange), one of which lost an H+ ion and thus became an 
OH− group. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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atoms. Fig. 4 highlights the local environments of two Mn atoms. These 
environments differ: although both Mn atoms have coordination 
numbers of six, four of the six O neighbors have the full complement of 3 
bonds for the Mn atom in frame a, but only two of the six O neighbors 
have this full complement in frame b. These different environments lead 
to different oxidation states—3.7 for the Mn atom in frame a, and 5.4 for 
the Mn atom in frame b. 

In our previous work, we experimentally estimated the average 
oxidation state (AOS) in α, β, and δ-MnO2 using two independent 
methods—analysis of the splitting of the Mn 3s XPS peak and chemical 
titration (Huang et al., 2018). In Fig. 5, we compare our simulation re
sults for the AOS with the experimental estimates. The simulation results 
for the AOS are close to the experimental results, but are consistently 
higher; since oxidation states do not rigorously connect to physical 
properties (as discussed in the Introduction), different routes to try to 
determine the oxidation state are expected to give somewhat different 
results. However, we see excellent agreement between our ab initio 
simulations and experiment for the trends in the AOS with polymorph, 
in that β-MnO2 has the highest AOS, α-MnO2 has an intermediate AOS, 
and δ-MnO2 has the lowest AOS. 

Our simulation results provide insight into two issues that have been 
discussed in regard to oxidation by MnO2. First, the simulations 
corroborate the systematic difference in the AOS of α, β, and δ-MnO2 
found experimentally; these differences in AOS correlate well with 
oxidation effectiveness (Huang et al., 2018), and thus support the idea 
that Mn (III) is the active site for oxidation in these systems. Second, 

since defects alter local environments for the Mn atoms, and local en
vironments in turn alter Mn oxidation states, we expect defects in MnO2 
surfaces generate different oxidation states occurring near the defect 
sites, including Mn(III) and Mn(V) which are expected to be active. 

3.3. Analysis of proposed MnO4
−/HSO3

−/O2 catalyst systems 

As discussed in the Introduction, the oxidative degradation of 
organic contaminants by MnO4

− becomes orders of magnitude faster 
when HSO3

− is added (Sun et al., 2015; Gao et al., 2017, 2018). Our 
previous experiments showed that this enhanced oxidative reactivity 
was furthermore dependent on dissolved oxygen in the solution (Zhong 
and Zhang, 2019), so that the active reactant is the system 
MnO4

−/HSO3
−/O2. It has been suggested that the oxidative activity is 

due to Mn(III) (Sun et al., 2015; Gao et al., 2017, 2018; Zhong and 
Zhang, 2019) or Mn(V) (Gao et al., 2019; Chen et al., 2020) species, 
where these oxidation states are stabilized by some unknown complex 
(es). 

Here we examine thirteen complexes, shown in Fig. 6, that might act 
in the MnO4

−/HSO3
−/O2 catalytic system. Complexes A-E are expected 

to have the oxidation state Mn(III), and complexes F-M are expected to 
have the oxidation state Mn(V). In some of the complexes the ligand is 
SO3

2− rather than HSO3
−, because we anticipate that H+ may dissociate 

and dissolve into the water (this dissociation is in fact seen in the 
simulations). 

Ab initio molecular dynamics simulations were carried out for each 
complex for 1 ps, and we examined whether the complex remained 
intact throughout the simulation. Simulations were carried out for the 
complex in pure water, with added K+ or Cl− ions, and with added H3O+

or OH− ions (to model behavior at different values of pH). Due to the 
small simulation size, one H3O+ corresponds to pH near 0, while one 
OH−corresponds to a pH near 14. 

Complex B was the only one of the proposed complexes that 
remained intact throughout the simulation. To further probe its stability, 
we ran a longer simulation (5 ps), and it remained intact throughout the 
longer simulation as well. Complex B remained stable in systems with no 
other ions and in a system with one positive ion (either K+ or H3O+). 
However, it was unstable with more than one positive ion in the system; 
in this case the O2 group (O––O) on the complex split apart. Complex B 
was also unstable with negative ions in the system, in which case OH− or 
O2− (from dissociated water) ions became coordinated to the complex. 
Thus, we find that complex B is stable in neutral or acidic environments. 
This result concurs with experimental results that show that the system 
becomes less reactive at higher pH (Sun et al., 2015). 

Complex E, which is similar to Complex B but with HSO3
− as a ligand 

instead of SO3
2−, was found to transform to Complex B in simulations 

with one negative ion or no ions in solution, by donating its H+ to the 
solution. With this H+ added to the solution, the initially basic and 
neutral conditions became neutral and acidic conditions, respectively, 
and thus match the conditions that we found led to stable Complex B. 
Complex A was also found to transform to complex B by rotation of the 
O2 group. These results further strengthen the case for the stability of 
complex B. 

All of the other complexes were unstable. An example of an insta
bility that occurs is the sulfite ion dissociating into SO2 and O2−, with the 
SO2 detaching from the Mn. 

The structure of complex B in solution is shown in Fig. 7. In addition 
to the ligands, there are usually two water molecules strongly bound to 
the Mn; occasionally there was only one coordinating water in high 
acidity, and occasionally there were three strongly bound waters in 
neutral conditions. The Mn–O distances of complex B did not signifi
cantly vary with conditions, and were 1.90 ± 0.02 Å, 1.98 ± 0.02 Å, and 
2.05 ± 0.04 Å for the bonds with O atoms from O2, SO3

2−, and H2O, 
respectively. These bond lengths indicate that the Mn interacts most 
strongly with the O atoms from O2 and the least strongly with the O 
atoms from H2O. 

Table 2 
Results for partial atomic charges and oxidation states of Mn atoms in the 
nanoscale MnO2 polymorphs. Each row represents a group of Mn atoms that are 
equivalent by symmetry. Results shown are the averages for the symmetrically 
equivalent atoms, and the uncertainty shown is the standard error (an uncer
tainty estimate is not given when there is only one atom in the group). The 
oxidation state is obtained from the partial atomic charge using Eq. (6).   

Coordination 
number in 
crystallite 

Number of 
equivalent 
atoms 

Partial 
atomic 
charge (e) 

Oxidation 
state 

α-MnO2 3 4 1.79 ± 0.02 4.4 ± 0.3  
4 4 1.705 ±

0.007 
3.46 ± 0.06  

5 4 1.78 ± 0.02 4.2 ± 0.2  
6 4 1.73 ± 0.03 3.7 ± 0.3      

β-MnO2 2 2 1.82 ± 0.01 4.9 ± 0.3  
3 2 1.73 ± 0.03 3.7 ± 0.2  
4 2 1.84 ± 0.01 5.4 ± 0.4  
4 1 1.67 3.2  
5 2 1.71 ± 0.01 3.51 ± 0.09  
6 1 1.73 3.7      

δ-MnO2 4 2 1.79 ± 0.07 4.7 ± 1.1  
4 2 1.76 ± 0.03 4.0 ± 0.3  
5 4 1.67 ± 0.03 3.3 ± 0.2  
6 1 1.62 2.9  

Fig. 5. Average oxidation states of Mn atoms in MnO2 polymorphs. The 
experimental results are from reference 16. 
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The partial atomic charge for the Mn atom in complex B was found to 
be 1.70 ± 0.03 in neutral conditions and 1.62 ± 0.2 in acidic conditions. 
Using the correlation in Eq. (6), the Mn formal charge was 3.4 ± 0.2 in 
neutral conditions, and 2.9 ± 0.1 in acidic conditions. Thus we find that 
the Mn is in the oxidation state of Mn(III) in acidic conditions, which is 
the condition in which the phenol degradation experiments were carried 
out (Zhong and Zhang, 2019). 

To strengthen this conclusion, we examined the formal charges of the 
other atoms in complex B to confirm that our analysis is self-consistent 

and that the sum of the formal charges in the complex balances with the 
formal charges of the ions in solution. 

The formal charges of the atoms in the sulfite group in complex B are 
obtained by comparing the partial atomic charge of the S atom with that 
obtained in simulations of aqueous K2SO3 and K2SO4, which dissociate 
in water into SO3

2− and SO4
2−, respectively. As shown in Fig. 8a, the 

partial atomic charge of S in complex B matches the result for aqueous 
SO3

2−, and we thus conclude that the formal charges in the sulfite group 
of Complex B are the same as the standard values for an aqueous sulfite 

Fig. 6. Complexes examined as possible catalytic species in the MnO4
−/HSO3

−/O2 system. Complex B was the only structure that remained stable for the simu
lation duration. 

Fig. 7. Snapshot from the simulation of complex B including the interaction of 
the Mn atom with water. The Mn atom (blue) is bonded to four O atoms from 
the complex (red), and also to two O atoms from water (orange). The SO3

2−

group is above the Mn (S atom is yellow), and the O2 group is below the Mn. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 8. (A) Atomic charges of the S atom in complex B compared with results of 
simulations of aqueous K2SO3 and K2SO4. (B) Bond length of the O2 group in 
complex B compared to simulation results for the bond length in aqueous O2, 
and literature results (Aschauer et al., 2010) for the bond lengths in gas phase 
O2 and adsorbed O2

− and O2
2−. For the results with one counterion, open 

circles represent simulations with H+ and closed circles represent simulations 
with K+. Error bars denote the maximal and minimal values observed in 
the simulation. 
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group: +4 for S and −2 for O. 
The formal charges of the atoms in the O2 group are obtained by 

comparing the O–O bond length in complex B with the bond length 
obtained in simulations of aqueous O2, as well as literature results for 
bond lengths in gas phase O2 and for O2

− and O2
2− adsorbed on surfaces 

(Aschauer et al., 2010). As shown in Fig. 8b, the bond length for the O2 
group in complex B under neutral conditions falls between those for O2

−

and O2
2−, while the bond length in acidic conditions matches that for 

O2
2−. Thus the formal charge of these O atoms in neutral conditions is 

taken to be −0.75, and their formal charge in acidic conditions is taken 
to be −1. 

As an important test, we find internal consistency in that the formal 
charges for all ions in the system sums to zero, even though this condition 
was not enforced in the analysis—i.e., we independently determined the 
formal charge of the Mn ion, the formal charge of the sulfite group, and 
the formal charge of the O2 group. 

Overall, our simulations support the idea that Mn (III) is the oxidant 
in the MnO4

−/HSO3
−/O2 catalysis system, and it can be stabilized by 

sulfite and dissolved O2 ligands. We propose the following reaction 
mechanism through which MnO4

−/HSO3
−/O2 oxidizes organic com

pounds. First, Mn(III) is generated by the reaction between MnO4
− and 

HSO3
−,  

2H+ + 2HSO3
− + MnO4

−→ Mn(III) + 2H2O + 2SO4
2− (7) 

The Mn(III) is quickly complexed by O2 and remaining HSO3
− to 

form complex B,  

Mn(III) + HSO3
− + O2 → [Mn(III)–HSO3

−—O2]B                              (8) 

which stabilizes the Mn(III) against disproportionation. Complex B 
then quickly oxidizes organic compounds, returning HSO3

− and O2 to 
solution,  

[Mn(III)–HSO3
−—O2]B + organics → products + Mn2+ + HSO3

−+ O2  (9) 

This mechanism can explain our previous findings that O2 plays an 
important role in the MnO4

−/HSO3
− system. Without O2, the reaction in 

Eq. (8) cannot occur and Mn(III) will undergo disproportionation rather 
than being stable. With O2, Mn(III) is stabilized by O2/HSO3

− in the form 
of complex B, which can act as an oxidant for organic contaminants (Eq. 
(9)). After the oxidation reaction, HSO3

− and O2 will be released (Eq. 
(9)). Hence, we observe less consumption of HSO3

− and O2 than when 
no organic contaminants are present (Zhong and Zhang, 2019). 

Previous studies have suggested the relevance of Mn(V) or Mn(VI) 
species in the MnO4

−/HSO3
−/O2 system, and that these species may 

underlie the observed oxidation of PMSO to PMSO2 and formation of 
sulfate radicals (Gao et al., 2019). Our simulations do not exclude the 
possible role of Mn(V) or Mn(VI) species, but we were not able to 
identify any Mn(V) or Mn(VI) complexes that were stable in water; i.e., 
we investigated the possible Mn(V) complexes we could envision (F-M), 
but there may exist other forms of Mn(V) or Mn(VI) complexes that are 
stable in water. We also note that sulfate radicals can be generated by 
Mn(III) oxidizing sulfate ions (formed by the reaction in Eq. (7)),  

[Mn(III)–HSO3
−—O2]B + SO4

2−→ SO4
⋅−+ Mn2+ + HSO3

−+ O2       (10) 

and the sulfate radicals generated this way could then in turn oxidize 
the organic contaminants. 

The oxidation state of an Mn atom is stabilized by the identity and 
geometry of the species that are coordinated to it, and the Mn envi
ronments in the MnO4

−/HSO3
−/O2, MnO2, and MnO2/HSO3

−/O2 sys
tems will be different. In the MnO4

−/HSO3
−/O2 system, the 

permanganate ion is believed to react to form a free Mn(III) ion (Eq. (7)), 
which is rapidly coordinated by SO3

2−and O2 (Eq. (8)) and stabilized. In 
contrast, in the MnO2 system, the surface Mn atoms are coordinated to 
three-to-five crystalline O atoms, and will additionally coordinate to 
one-to-three O atoms from water or hydroxyls. In the MnO2/HSO3

−/O2 
system, the surface Mn atoms again remain coordinated to three-to-five 

crystalline O atoms, but now will also coordinate to one-to-three O 
atoms from water, hydroxyls, SO3

2− or O2. Since an Mn atom is coor
dinated to a total of six O atoms, the three-to-five bonds to crystalline O 
atoms in the MnO2/HSO3

−/O2 system preclude the complex B structure 
in which Mn(III) is stabilized by two bonds to SO3

2− and two bonds to 
O2; however, other structures may be possible to stabilize Mn(III) in the 
MnO2/HSO3

−/O2 system. 
Our simulations also show that O2 would be activated to O2

2− under 
acidic conditions. This activated oxygen species may lead to the for
mation of OH radicals, which were recently discovered in MnO4

−/ 
HSO3

−/O2 systems and can serve as oxidants (Shi et al., 2019). 

4. Conclusion 

We examine charge distributions in aqueous manganese systems and 
relate the charge distributions to Mn oxidation states. A nonlinear cor
relation between Mn partial atomic charge and oxidation state is found, 
with the dependence of partial atomic charge on oxidation state 
becoming weaker at higher oxidation states. This finding concurs with 
the feedback charge regulation process described previously (Raebiger 
et al., 2008). 

We use this correlation to address two open questions in water/ 
wastewater treatment by Mn catalysts. First, our ab initio results for the 
average oxidation states of α, β and δ-MnO2 are in excellent agreement 
with previous experiment results (Huang et al., 2018), and support the 
idea that higher Mn (III) content leads to the faster organic contaminant 
degradation rates. Second, our simulations identify a ternary complex 
that stabilizes Mn(III) in the MnO4

−/HSO3
−/O2 aqueous system, and 

may underlie the fast phenol degradation reaction found experimentally 
(Zhong and Zhang, 2019). 
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