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Mn oxides may be true catalyst in the water-oxidation reactions of Mn complexes and 

oxidants. 
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Eighteen Mn complexes with N-donor and carboxylate ligands have been synthesized and characterized. 
Three Mn complexes among them are new and reported for the first time. The reactions of oxygen 10 

evolution in the presence of Oxone (2KHSO5·KHSO4·K2SO4)
 and cerium(IV) ammonium nitrate 

catalyzed by these complexes are studied and characterized by UV-visible spectroscopy, X-ray diffraction 
spectrometry, dynamic light scattering, Fourier transform infrared spectroscopy, electron paramagnetic 
resonance spectroscopy, transmission electron microscopy, scanning electron microscopy, membrane-
inlet mass spectrometry and electrochemistry. Some of these complexes evolve oxygen in the presence of 15 

Oxone as a primary oxidant. CO2 and MnO4
- are other products of these reactions. Based on spectroscopic 

studies, the true catalysts for oxygen evolution in these reactions are different. We proposed that for the 
oxygen evolution reactions in the presence of Oxone, the true catalysts are both high valent Mn 
complexes and Mn oxides, but for the reactions in the presence of cerium(IV) ammonium nitrate, the 
active catalyst is most probably a Mn oxide. 20 

Introduction 

There has been considerable interest in the coordination 
chemistry of Mn complexes because of the significant 
involvement of Mn in various biological systems, including the 
oxygen-evolving complex (OEC) or water-oxidizing complex 25 

(WOC) in Photosystem II (PSII),1-3 Mn peroxidase (MnP),4 Mn 
thiosulfate oxidase,5 Mn catalase,6 ribonucleotide reductase,7 acid 
phosphatase8 and superoxide dismutase (MnSOD).9 Mn 
complexes with N-donor and carboxylate ligands are of interest 
because these ligands are related to histidine, aspartate or 30 

glutamate residues that are present in the active site of these Mn-
containing enzymes.  
Water-oxidation reaction is one of the most important reactions 
not only because of its importance in PSII but also in energy 
conversion systems.10 Water electrolysis for hydrogen production 35 

has been considered regarding the rising costs of fossil fuels and 
the growing environmental pollution. An efficient and stable 
water-oxidizing catalyst is of paramount importance for hydrogen 
production via water splitting.10 Many metal ions were reported 
as efficient catalysts for water oxidation.11

 However, the use of 40 

these metals for global scale water oxidation is problematic 
owing to concerns about their low abundance in the earth’s crust, 
toxicity, and high cost. Nature, utilizing very clever strategies, 
uses Mn as an abundant transition metal for water oxidation.1-3 
The OEC in PSII consists of a Mn-Ca cluster hosted in the 45 

environment of many amino acid chains (Fig. 1).1-3 
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                                                      b 
Fig. 1 [Mn4CaO5(H2O)4] cluster (circled in magenta) and the surrounding 
amino acids in PSII (a). There is only a small fraction of N-donor and 
carboxylate groups that come in direct contact with the Mn-Ca cluster 
(the image was modified from ref. 2) (b). 5 

 
Research on Mn complexes with carboxylate and N-donor 
ligands has also been the subject of numerous reports because of 
their interesting structural and redox properties.12 It was reported 
that a few Mn compounds show oxygen evolution activity in the 10 

presence of Oxone or Ce(IV).12 Among many Mn compounds, 
there is only one homogeneous Mn complex that may be a true 
and efficient water-oxidizing catalyst.  This is the dinuclear Mn 
complex reported by  Karlsson et al. that contains imidazole 
groups. The catalytic activity of the complex was investigated by 15 

addition of a 480-fold excess of the single-electron oxidant 
[Ru(bpy)3](PF6)3 in phosphate buffer (pH 7.2).13     
[(OH2)(terpy)Mn(µ-O)2Mn(terpy)(OH2)]

3+  (terpy = 2,2';6',2"-
terpyridine) and many Mn complexes with carboxylate and N-
donor ligands were also reported as oxygen-evolving  catalysts in 20 

the presence of Oxone.12,14  
Turnover numbers (TON) of oxygen evolution for many of these 
complexes were less than 1.0 (mol oxygen per mol of catalyst). 
However, Mn oxides have been reported as good heterogonous 
catalysts for water oxidation.15 25 

In this paper, we synthesized eighteen Mn complexes with 
carboxylate and N-donor ligands related to the amino acid-chains 
around Mn-Ca cluster (Fig. 1b). These complexes are 
characterized by elemental analysis, Fourier transform infrared 
spectroscopy (FTIR), electronic absorption spectroscopy (UV-30 

Vis), electrochemistry, electron paramagnetic resonance (EPR). 
The reactions of these complexes with Oxone and Ce(IV) are also 
studied. Some of these complexes show oxygen evolution activity 
in the presence of Oxone with a TON of 0.1-0.5. Recently, 
Density Functional Theory (DFT) is reported as a powerful 35 

method to study the structural properties and electronic structure 
of transition metal complexes due to its reliable results in 
comparison with experimental data. This advantage of DFT is 
accompanied with its lower computational cost than post-Hartree-
Fock methods.16 Therefore, DFT calculations have been used for 40 

many investigations on the water-oxidizing Mn complexes, 
especially the oxygen-evolving center of PSII.17-32 We also 
considered DFT calculations for deeper investigation of the 
structure of one of our complexes and its oxidized form. 
 45 

 
Experimental 
Materials and instrumentation 
 
  All reagents and materials used for the syntheses were reagent-50 

grade and used without further purification. Solvothermal 
experiments were performed using a home-made Teflon and 
holder.  Elemental analyses were performed on a Perkin-Elmer 
2400 CHNS/O elemental analyzer.   MIR spectra of KBr pellets 
of compounds were recorded on a Bruker vector 22 in the range 55 

between 400 and 4000 cm-1. EPR Spectra were collected at 4 K 
for the samples in form of frozen solutions with an X-band 
Varian E-9 spectrometer equipped with an Oxford ESR-900 

liquid helium cryostat. Typical instrument settings were the 
following: modulation amplitude 20 G, modulation frequency 60 

100 kHz, and microwave power 2.0 mW. All electrochemical 
tests were performed in a conventional three- electrode cell with 
an Ag/AgCl (saturated) and platinum wire as reference and 
counter electrodes, respectively. Carbon paste electrode was 
employed as the working electrode and constructed by mixing the 65 

appropriate Mn complex (16 and 17) with Dioctyl phtalate (DOP, 
from Aldrich Company) and active graphite (in a ratio of 
10:45:45). Electrical connection of the carbon paste electrode was 
established via a copper wire. Also, electrochemical studies of 15 
were carried out in an acetonitrile solution containing 0.1 M of 70 

LiClO4 as supporting electrolyte using a 0.0314 cm2 glassy 
carbon electrode (as working electrode). All electrochemical 
measurements were done by using Autolab 101 (Autolab Eco 
Chemie B.V. Netherland). 
   All solutions were prepared using doubly deionized water. 75 

Oxone was standardized by iodometric titration and found to 
contain 0.21 mmol KHSO5 per 100 mg. The acetate buffer was 
prepared by adjusting the pH of a 0.1 M KOAc solution to 4.5 
with concentrated H2SO4. In a typical experiment, after the 
deaeration with nitrogen, a 0.015 M solution of a metal complex 80 

in water was added to a buffered solution of Oxone (100 ml, 
0.021 M in 0.1 M acetate buffer, pH 4.5). All rates were 
measured at 25.0 °C using the method of initial rates from t = 0 to 
t = 2 min. Oxygen evolution from aqueous solutions in the 
presence of Ce(IV) was measured using luminescent DO probe 85 

type oxygen electrode (HQ40d portable dissolved oxygen meter) 
connected to an oxygen monitor with a digital readout. The 
sample chamber temperature was maintained at 25.0 oC with a 
circulating water bath. In a typical run, the instrument readout 
was calibrated against air-saturated distilled water stirred in the 90 

air-tight sample chamber under DO probe type oxygen electrode. 
After ensuring a constant baseline reading, the water was 
removed, and 40 ml of Ce(IV) solution was introduced into the 
sample chamber. After allowing time for equilibration (~1 min), 
Mn complex was injected into Ce(IV) solution. In control 95 

experiments, 1 ml of the blank solvent was added to 40 ml of the 
Ce(IV). The control readings were substracted from the sample 
readings to get the final oxygen-evolution data. The substraction 
of controls typically produced less than a 1% change in the 
oxygen-evolution data. The experimental setup consisted of a 100 

self-made jacketed glass cell with a threaded neck and a capillary 
side-arm for catalyst injection. The cell was charged with a 
Ce(IV) salt. The Ce(IV) salt (2.5 g) was dissolved in 40 ml water 
magnetically stirred at 25.0 oC. Ce(IV) was stable under these 
conditions and oxygen evolution was not observed. After 105 

deaeration of the Ce(IV) salt solution with argon,  the 
investigated complexes were added and oxygen evolution was 
recorded with the oxygen meter under stirring. 
 

X-ray diffraction 110 

 X-ray diffraction data for single-crystals of 15, 17 and 18 were 
collected on a STOE IPDSII diffractometer, employing graphite-
monochromated MoKα radiation (see Table S1 for basic X-ray 
data). All structures were solved by direct methods in SHELXS 
and refined in SHELXL software.33 C-bonded H atoms were 115 
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generated in their calculated positions and a riding model was 
applied with Ueq=1.2/1.5Ueq (parent atom) for aromatic/methyl H 
atoms, respectively. Water H atoms were found on difference 
Fourier maps and initially refined with restraints of 0.820(2) Å on 
the O-H bond lengths. Subsequently their parameters were 5 

constrained.  
15: On the final difference Fourier map the highest peak of 0.28 
e/Å3 is located in the middle of the Mn1-O1 bond, 1.12 Å from 
O1 atom and 1.21 Å from Mn1 atom. 
17: On the final difference Fourier map, the highest peak of 0.24 10 

e/Å3 is located in the middle of the Mn2-N122 bond, 0.81 Å from 
N122 atom and 1.50 Å from Mn2 atom. 
18: N-bonded H atom was found on difference Fourier map and 
initially refined with restraint of 0.860(2) Å on the N-H bond 
length. On the final difference Fourier map the highest peak of 15 

0.39 e/Å3 is located 1.06 Å from Mn1 atom. 
The crystal structures of 1-14, 16 have been reported in literature. 
(For daials of structures see Table S1-S3 (ESI†)). 
 
Preparation of the Mn(II) complexes 20 

Cmplexes 1,34 2,35 3,36 4,37 5,38 9,39 10,40 11,41 12,41 13,40 1443 and 
1644 were synthesized by previously reported methods (for detail 
see ESI†). 
 
Complex 15  (Mn(qterpy)(CH3COO)2(H2O)2, quaterpy: 25 

quaterpyridine: A mixture of Mn(CH3OO)2·4H2O (0.2 g) and 
quaterpyridine (0.1 g) in methanol (30 mL) was heated at 50°C 
for 30 min., then the mixture was filtered. After filtration and 
slow evaporation in air for two weeks, pale-yellow crystals of 
complex 15 were formed. 30 

  
Complex 17 (Mn(Phen)2(Naphthalene-1,8-
dicarboxylato)(H2O)2): MnCl2 : Phen : Naphthalene-1,8-
dicarboxylic : NaOH (molar ratio: 1:2:1:2) and water (40.0 mL) 
were heated at 120 oC under hydrothermal conditions for 24 h. 35 

After filtration and slow evaporation in air for two weeks, yellow 
crystals were formed. 
 
Complex 18 (Mn(pyrazole-3,5-dicarboxylate)(H2O)4): 
MnCl2:Pyrazole-3,5 dicarboxylate:NaOH (molar ratio: 1:1:2) and 40 

water (40.0 mL) were heated at 120 oC under hydrothermal 
conditions for 24 h. After filtration and slow evaporation in air 
for two weeks, yellow crystals were formed. 
 
Calculation Method 45 

The structure of 17 and the oxidized form of this complex were 
optimized by B3LYP hybrid functional in which Hartree-Fock 
exact exchange is combined with Generalized Gradient 
Approximation (GGA).30 For all of the calculations, LANL2DZ 
basis set with effective core potentials (ECPs) is used in order to 50 

reduce the computational cost of the calculations.31,32 Using ECPs 
usually does not reduce the accuracy of DFT calculations due to 
the fact that DFT methods are not considerably sensitive to the 
basis set size.45 All of the calculations are performed using 
Firefly quantum chemistry package,46 which is partially based on 55 

GAMESS (US) source code.47 The detailed results of the 
structures optimizations for both of the mentioned complexes are 
given in Table S4 of the Supporting Information. Also Mulliken 

charges and pure spin values [α(↑)-β(↓)] of the selected atoms in 
complex 17 and its oxidized states are given in Tables S4, S5 and 60 

S6 (ESI†), respectively. 
 
Results and discussion 
X-ray diffraction data 
 65 

We used pure crystalline form of each complex in our 
experiments. Identity of all crystalline compounds was confirmed 
by the corresponding cell constants measurements. However, 15, 
17 and 18 are compounds with crystal structures reported for the 
first time. Structures of some complexes are shown in Scheme S1 70 

(ESI†). 
 
Structure of 15 
 
15 is monohydrate of a mononuclear Mn(II) complex in which 75 

the central Mn(II) ion is chelated by a tetradentate 
2,2’:6’,2’’:6’’,2’’’-quaterpyridine (QP) ligand (Fig. 2, Fig. S1 and 
S2 (ESI†)).  
 
 80 

 
 
 
 
 85 

 
 
 
 
 90 

 
 
 
 
 95 

Fig. 2 Molecular structure of 15 with thermal ellipsoids plotted at 30% 
probability level. The semi-coordination Mn1-O2 bond (see Text) is 
denoted with dashed line. 

 
The apical positions in the Mn(II) ion coordination sphere in 15 100 

are occupied by bidentate acetate ions. The known crystal 
structures48 of mononuclear transition metal QP complexes 
include transition metal mononuclear complexes (Cu49,50 Co50,51, 
Mn,51 Pd,52 Re,53 Fe,54 Pt,55 Ag,56 Zn,57 Ni,57,58 Y,59 W,60 [Ag2],

58 
oxo-bridged [Fe2] ,

61 heterometallic Ni-V62 as well as main group 105 

Pb(II) complexes.63 In the majority of these complexes the QP 
ligand adopts its usual tetradentate coordination mode, also 
observed in 15. In 15 three Mn-O(acetate) bonds are in the 
2.247(2)-2.344(2) Å range (Table S2). The Mn1-O2 bond of 
2.606(2) Å length may be considered as a secondary coordination 110 

bond, even shorter than e.g. the 2.850(3) Å value reported by 
Cady et al.  for their six-coordinate Mn(II) complex serving as a 
model for associative substitution.64  
Chin-Wing Chan et al.51 reported on similar cationic complexes, 
[Mn(QP)(H2O)(OAc)]+ and [Mn(QP)(H2O)2]

2+ isolated as 115 

perchlorate salts. The [Mn(QP)(H2O)(OAc)]+ complex differs 
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with respect to 15 by substitution of one acetate ligand with water 
ligand. The void angle of the chelating QP ligand in 15, N1-Mn1-
N4, of 151.82(6)°, is similar to the analogous values given by 
Chin-Wen Chan et al.51 15 is isolated as a monohydrate. The 
water molecules of hydration participate in formation of 5 

hydrogen bonds to create hydrogen-bonded layers (Fig. S1, Table 
S3) parallel to (011) (Fig. S2). This complex is unstable in water, 
where decoordination of the organic ligand takes place. 
 
Structure of 17 10 

 
17 is a mononuclear Mn(II) complex with two bidentate N-donor 
phenanthroline ligands, one monodentate naphthalene-1,8-
dicarboxylate ligand and one water ligand in the Mn(II) ion 
coordination sphere, isolated as a hydrate (Fig. 3, Fig. S3). The 15 

water ligand is donor to an intramolecular hydrogen bond with 
the free carboxylate O atom of the naphthalene-1,8-dicarboxylate 
ligand acting as acceptor (Fig. 3, Table S3; Fig. S3-S5 (ESI†)).  
 
 20 

 
 
 
 
 25 

 
 
 
 
 30 

 
 
 
 
 35 

 
Fig. 3 Molecular structure of 17 on the example of one of the symmetry-
independent molecules.  Thermal ellipsoids are plotted at 30% probability 
level. H atoms are shown as spheres of arbitrary radii. Intramolecular 
hydrogen bonding is shown with dashed lines. 40 

 
Naphthalene-1,8-dicarboxylate ligand has been used for the 
construction of coordination polymers.65  
There are two symmetry-independent complex molecules in 17 
(A and B, respectively, Fig. S3a-b) and eight water molecules of 45 

solvation. The two molecules slightly differ in interplanar angles 
between the planes of aromatic ligands, especially with respect to 
one phenanthroline (phen) ligand and the carboxylate ligand 
naphthalene ring: phen-N111(N122)/phen-N121(N112): 
75.5(1)/77.0(1)°; phen-N111(N122)-naphthalene ring: 50 

88.7(1)/86.2(1)°; phen-N121(N112)-naphthalene ring: 
78.6(1)/83.6(1)° (see Fig. S3c for the relevant overlap diagram). 
In the naphthalene-1,8-dicarboxylate ligand planes of the 
carboxylate groups are twisted with respect to the naphthalene 
ring plane: for the carboxylate group coordinated to the Mn(II) 55 

ion the relevant interplanar angle is 46.4(2)/43.6(2), for the non-
coordinated group: 45.2(2)/47.4(1)° for A/B, respectively. Each 
Mn(II) ion coordination sphere is distorted octahedral with Mn-N 

bond lengths at 2.263(2)-2.317(2) Å range, Mn-Ocarboxylate bonds 
of 2.095(2)-2.108(2) and Mn-Owater bonds of 2.130(2)-2.133(2) Å 60 

length. As expected, on participation in the Mn(II) coordination 
sphere the C-O(carboxylate) bond length increases (Table S2, 
O31-C111, O12-C14 bonds).  
Water molecule in 17 participates in hydrogen bonding to create 
extended cluster-like motifs (Fig. S4a-b, Table S3) linked into 65 

chains extending along [011] (Fig. S5).  
Compound 17 may be regarded as a model for proton-coupled 
electron transfer as the proton may be easily transferred between 
water and carboxylate ligand accompanied by an electron 
transfer: 70 

 
Mn(II)-OH…O(carboxylate) → e- + Mn(III)-O…HO(carboxylate) 
 
 
 75 

 
 
 
Scheme 1 This structure may be regarded as a model for the proton-
coupled electron transfer as the proton may easily transferred between 80 

water and carboxylate ligand, accompanied by an electron transfer. 
 
To design such complexes the pKa (acidic constant) for the base 
group (carboxylate group in compound 17) should be between 
pKa for M(II)-OH2 and M(III)-OH2. Deprotonation prevents from 85 

charge accumulation on the metal ion. We also studied 17 and its 
oxidized form by DFT calculations. The most important result of 
the DFT calculations is confirmation of the existence of a 
hydrogen bond between O31 and H1W1 in complex 17 in which 
O31-H1W1 and O1W-H1W1 bond lengths are 1.1561 Å and 90 

1.2587 Å, respectively as given in Table S4. When Mn(II) in 17 
is oxidized to Mn(III), these distances are 1.0041 Å and 1.7362 
Å, respectively. Therefore, H1W1 atom is completely removed 
from O1W and attached to carboxylate in the form of oxidized 
complex. The results of Barry and co-workers on the OEC in PSII 95 

showed that oxidation of  Mn, during the S1 to S2 transition, 
strengthens hydrogen bonding to peptide carbonyl groups.66 
 
Structure 18 

18 is hydrate of a mononuclear Mn(II) complex including 100 

bidentate N,O-coordinated 3,5-pyrazoledicarboxylate ligand and 
four water ligands in the central ion coordination sphere (Fig. 4; 
Fig. S6-S8 (ESI†)). 
 
 105 

 
 
 
 
 110 

 

 

 

  

 115 

Page 6 of 16Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

Fig. 4 Molecular structure of 18 with atom labeling scheme. H atoms are 
shown as spheres of arbitrary radii. Thermal ellipsoids are plotted at 30% 
probability level. 

 

Both carboxylic groups of the 3,5-pyrazoledicarboxylate ligand 5 

are deprotonated, whereas one of the N sites remains protonated 
(see Experimental). An analogous Ni(II) complex was introduced 
by King et al.67 displaying an analogous coordination mode with 
one protonated pyrazole N atom and both deprotonated 
carboxylate groups, only one of which participates in the central 10 

metal ion coordination sphere. Known Mn(II) complexes of the 
3,5-pyrazoledicarboxylate ligand are dimeric68,69 or 
polymeric.70,71 One of the two independent water molecules of 
solvation in 18 lies in special position on a two-fold symmetry 
axis. The central Mn(II) ion coordination sphere is distorted 15 

octahedral with Mn-Owater bonds at 2.119(2)-2.212(2) Å range, 
Mn-Ocarboxylate bond of 2.217(2) Å length and Mn-Npyrazolate bond 
of 2.265(2) Å length.  
In 18 a three-dimensional hydrogen-bonded network is formed 
with water molecules acting as donors/acceptors to O-H…O 20 

hydrogen bonds involving also carboxylate O atoms from the 
complex molecules as acceptors (Figs S7-S8, Table S3). The 
second kind of hydrogen bonding in 18 are N-H…O hydrogen 
bonds with pyrazole N atoms as donors and symmetry-related 
carboxylate O atoms as acceptors (Table S3). Figures S7-S8 show 25 

two different views of the crystal structure. Detals for structures 
(15, 17 and 18 are in Table S1-S3 (ESI†)). 
 
IR spectra 
    In IR spectra of these compounds, bands at 3200-3550/1600-30 

1630 cm-1 corresponding to lattice water are related to 
antisymmetric and symmetric OH stretching/HOH bending 
modes, respectively.72-75 Detection of the O-D bending vibrations 
of D2O molecules during the S-state cycle of the oxygen evolving 
complex in PSII has been reported. The characteristics of the 35 

weakly D-bonded OD stretching bands were consistent with the 
insertion of a substrate from the internal water molecules in the 
S2 → S3 and S3 → S0 transitions.76 It was reported that FTIR 
detection of the DOD bending vibrations is a powerful method 
for investigating the molecular mechanism of photosynthetic 40 

water oxidation, as well as other enzymatic reactions involving 
functional water molecules. The reactions of water molecules 
were detected by monitoring the OH and OD stretching 
vibrations in the regions of 3800-3000 and 2200-2800 cm-1,76 
respectively.  45 

As a molecular model for the Mn cluster in PSII, IR spectrum of 
9 displays a medium and broad absorption bands at about 3400 
cm-1, for the stretching vibrations of H2O (Fig. S9, ESI†). The 
sample of 9 was also moderately deuterated in 95% D2O. The IR 
spectrum of the deuterated complex displays a medium 50 

absorption band at 2536 cm-1, assignable to the stretching 
vibrations of D2O. Two absorption bands are also observed at 
2316 and 2513 cm-1 (Fig. S9, ESI†). Only uncoordinated water 
molecules are present in the structure of 9, so the peaks are 
related to uncoordinated water molecules around Mn. These 55 

results can be important to detection of the bulk water around Mn 
ions in PSII.  
Very strong and sharp absorption bands at about 1680 and 1447 

cm-1 in 1, 2 and 9-12 can be assigned to the antisymmetric 
stretching vibrations and symmetric stretching vibrations of the 60 

carboxylate groups. The value of ∆υas–s (υas(COO)-υs(COO)) is 
larger than 200 cm-1 indicating a monodentate coordination mode 
of the carboxylate groups.72,73 The peaks revealing the presence 
of phen or bpy in 3-9 are present in the ranges 3100-2900 cm-1 
(aromatic C-H stretching vibrations), 1600-1550 cm-1 (ν (C=N) 65 

and ν (C=C) stretches), 1470-1020 cm-1 (ν(C=C) + ν (C=N) 
vibrations), and 810-710 cm-1 (aromatic C-H deformation 
vibrations).74,75  
 
 70 

Electronic spectra 
 
   The electronic spectrum recorded for 1 shows very strong 
absorption bands at 200 nm and 264 nm,  attributed to n-π and/or 
π-π* charger transfer within the ligand itself.77, 78 The shoulder of 75 

the band at 400 nm can be attributed to d-d transitions.79 The 
electronic spectrum of 1 can be compared to those of several 
mononuclear Mn(III) complexes, which exhibit d-d bands in this 
region.79 The electronic spectra of  2 and 9-12 show only very 
strong absorption bands at ~225 nm and 264 nm, which are  80 

attributed to n-π and/or π–π* charger transfer within the ligand. 
The electronic spectra of 3-8 show very intense multiple 
absorption bands in the high energy region (~200, 220 and 260 
nm) corresponding to n-π and/or π–π* charge transfer of the 
ligands.80 Other complexes show a similar pattern in their 85 

electronic spectra. 
 
EPR Spectra 
 
   The broad EPR signals above and below g = 2 due to the S = 90 

5/2 zero-field splitting have been reported for other distorted 
mononuclear Mn(II) complexes.81-86 Similar spectra for all Mn(II) 
compounds reported here are observed in 4 K. In the reaction of 
1-10 and Oxone, an Mn(III/IV) dimer is formed and detected by 
EPR. Formation of similar Mn(III/IV) dimers was observed in the 95 

reactions of many Mn complexes (with N-donor and carboxylate 
ligands) with Oxone (Fig. S10, ESI†).87  
   It is assumed that the structure of the investigated species 
observed in the solid-state is preserved in solution, which is likely 
to hold for most solvents with low polarity and limited 100 

coordination abilities. But for polar solvents able to promote 
ligand exchange (water or DMSO), significant structural 
modifications may occur, which would drastically change the 
structure of the solvated complex, while promoting equilibria 
with other species stabilized by solvation.88-91 In a simple solution 105 

of Mn(II) or Mn(III), many  different species containing Mn may 
be formed because of the lability of  Mn(II) and Mn(III).91 So 
adding oxidants to these solutions yields many different high-
valent Mn complexes depending on the reaction conditions.88-91  
 110 

Oxygen evolution in the presence of Oxone 
  
All reported reactions in this paper were carried out in buffered 
aqueous solutions over the pH = 4.5 using 0.021 M Oxone, as the 
Oxone salt is stable to decomposition in this pH.87 No signs of O2 115 

evolution were observed with MnSO4, MnCl2, Mn(CH3COO)2, 
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KMnO4, 6-8, 11 and 12 as starting materials under these 
conditions. 1-5, 9-10 are able to catalyse O2 evolution. The range 
of 0.1-0.5 for TON parameters (mol O2/mol Mn complex) was 
observed when these complexes were added to Oxone (0.021 M, 
pH= 4.5) (Table 1).  5 

 

Table 1. The experimental rate laws and TON of O2 evolution for 1-10 (C 
= Concentration of complex). 

For bidentate ligands, the increase in TON with increasing of the 
ratio of the ligand(s) to metal (1>2 and 3>4>5) was observed. In 10 

the case of 3-5, the TON parameter for oxygen evolution is 
related to the amount of the ligand which shows that the ligand is 
important in oxygen evolution at least in one pathway.    Limburg 
et al. reported an O2-evolving reaction between [Mn(dipic)2]

- 
(dipic = pyridine-2,6-dicarboxylate) and potassium 15 

peroxomonosulfate (Oxone).92 9 is an Mn(II) complex with 
pyridine-2,6-dicarboxylate. In 9, Mn is hexacoordinated in a 
distorted octahedral geometry, chelated by four O atoms and two 
N atoms from two pyridine-2,6-dicarboxylate ligands.39 The TON  
parameter of 0.3 was observed when a solution of 9 was added to 20 

Oxone (0.021 M, pH= 4.5). Another product in these oxygen 
evolution experiments for 1, 2 and 9-12 is MnO4

- (Fig. S11, 
ESI†). 
 It would be expected87 that in these complexes, the more 
carboxylate groups are present, the easier it would be to form 25 

MnO4
- and this is also observed. 

A slower rate of dissociation of the ligand and slower formation 
of the MnO4

- ions are observed for N-donor ligands. Thus, it is 
not surprising that N-donor ligands are better for design of 
oxygen-evolving Mn-based catalysts. These results are consistent 30 

with the results obtained by other groups.87 We found that the 
product of the reduction of Mn complexes with N-donor ligands 
is Mn oxide, rather than MnO4

-. The transient absorptions derived 
from mixing Oxone and 1-12 show the distinctive UV–Vis 
absorbances between 400 and 500 nm, consistent with the 35 

presence of high-valent Mn species (Fig. S11, ESI†).87  
An important issue regarding the oxygen evolution experiment by 
Mn complexes are the results obtained by membrane-inlet mass 
spectrometry (MIMS)93-95 in H2

18O. It is interesting to note, that 
different complexes show a different ratio of 32O2,

34O2 and 36O2:
95 40 

 

Table 2 Isotope fractions of the evolved oxygen (in %) for the reactions of 
the complexes a–f95 and 16. Structures of the complexes a-f are shown in 
Scheme S2 (ESI†). 

Complex H2
18O 

added 
(%) 

32O2 
34O2  

36O2 

a 10 
 

80.8  18.1  1.0 

b 10 89.2  10.4  0.4 
c 10 91.1  8.8  0.03 
d 10 93.6  8.2  0.2 
e 10 81.5  17.4 1.1 
f 13.8 74.3 25.0 0.6 
16 13.8 84.3 15.6 ~ 0.1 
Mn oxides 5 95.1 4.9 ~ 0 

Theoretical 10 81.0 18.0  1.0 
Theoretical 13.8 74.3 23.8 2.0 
 45 

From Table 2 and Fig. 5, we conclude that there are two 
mechanisms for oxygen evolution catalysed by the complex. One 
is similar to the mechanism previously reported by the Brudvig’s 
group96a with a high valent Mn complex as an intermediate that 
clearly led to the evolution of 36O2 as a product, and another 50 

proposed catalyst is Mn oxide as we will discuss in next sections. 
When we analyzed the isotope fractions of the oxygen evolved by 
the Mn complexes, the fraction of 36O2 turned out to be lower 
than the number predicted in many cases, and the fraction of 36O2 

was ~ 0 for Mn oxides. We related the lower numbers to the role 55 

of Mn oxide in oxygen evolution that produced no 36O2  and lower 
content of 34O2 than predicted by theoretical calculations. Mn 
oxide formation under these conditions is not surprising as Oxone 
is a very powerful oxidant (1.82 V vs. NHE). Based on the 
hypothesis assuming Mn oxide formation, we expect a low 60 

fraction of 36O2 for unstable complexes. To test this hypothesis, 
we measured the fraction of 36O2 for 16 as an unstable complex 
in the presence of Oxone. Results, as expected based on the 
hypothesis, display that in the first run for 16 the MIMS shows 
low 36O2 content connected with the formation of an Mn2

III,IV 
65 

complex that decomposes immediately after some oxygen 
evolution. It is interesting to note that in the second run the 
complex is, most probably, decomposed to Mn oxide and no 36O2 
formation was observed.  
 70 
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b 
 
Fig. 5 EPR spectrum of 16 (blue).  EPR spectrum of the mixture obtained 
in reaction between 16 (1 mM) and Oxone (0.023 M), frozen within 10 s 
of mixing. This 16-line spectrum is characteristic of di-µ-oxo bridged 5 

mixed-valence Mn (III/IV) complexes (pink) (a).96b The experimental 
fraction of oxygen evolution by 16 in the presence of Oxone under the 
conditions reported in Table 2. FFT Filter Smoothing of the experimental 
fraction of 36O2 of 16 (blue) (b). The orange arrows show run 1 and 2.  
 10 

Ligand oxidation may be important for all complexes under these 
conditions. For example heterocyclic N-oxides were detected91 as 
products in the reactions of Oxone with 6-8. A few minutes after 
the reaction between these complexes with Oxone, formation of 
brown colloidal particles is observed, detectable by SEM, TEM 15 

and DLS (Fig. 6). TEM images show that the small particles (~10 
nm) are formed in the reaction of Mn complexes and Oxone. DLS 
shows that the particles grow bigger in the time scale of the 
experiment. The IR spectra recorded for these brown colloidal 
particles show low amounts of organic groups, which suggests 20 

formation of Mn oxides. Thus, the products of the reaction of Mn 
complexes with Oxone should be Mn oxides, the Mn(III/IV) 
dimer and MnO4

-. 
The reaction of Oxone with these reported complexes here 
produces a brown solid with few organic groups and strong peaks 25 

for Mn-O bonds as evidenced by IR spectra (Fig. S12, ESI†). 
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 5 

 

 
 

 

 10 

 

 

 
 

e 15 

Fig. 6 TEM (a-c) and SEM (d) images of the resulting solution from the 
reaction of  16 with Oxone (0.023 M). Contrast for c is 55% and the 
arrows show some nanoparticles. Scale bar in (c) is 10 nm. Size 
distribution of the particles after 5 (blue), 10 (yellow) and 20 (magenta) 
minutes the reaction of 16 with Oxone (0.023 M) (e). 20 

It is important to note that some research groups reported 
decoordination of multi N-donor ligands51 (for example 15) in the 
reactions with water molecules and [Mn(H2O)6]

2+ formation in 
water, which can be explained based on the hard-soft acid and 
base theory. The reaction of peroxomonosulfate ion, HSO5

-, with 25 

the [Mn(H2O)6]
2+ ions can lead to Mn oxides  formation. In pH~ 

4.5, the product is Mn(IV) oxide, whereas in 1.25 M H2SO4 
peroxide decomposition is the major reaction with small amounts 
of Mn(III) being detectable.98 Using the “competing acceptor” 
method, it was established that the sulfate radical anion 

 
 is formed 30 

during the reaction.98  
 
 
 
 35 

 
 
 
 
 40 

Scheme 3 Proposed intermediates in the reaction of Oxone and Mn 
complexes. 

 
Electrochemistry 
 45 

   Electrochemical oxidation of [MnII(L)3]
2+  (L= bpy or phen) in 

acetonitrile is known to lead to the mixed-valent di-µ-oxo bridged 
binuclear complexes [MnIII,IV(O)2(L)4]

3+.99-103 More oxidation of 
these mixed-valent complexes is followed by a second 
dimerization process to form additional oxo-bridges 50 

([Mn4
IVO6(L)6]

4+).99-103 In acetonitrile, the oxidation of Mn(II) in 
the [MnII(bpy)3]

2+ complex to Mn(III) has more positive potential 
than an analogous reaction of the corresponding phenanthroline 

complex. This trend is reversed for the redox reactions that 
involve the di-µ-oxo di-Mn groups. The shift in redox potentials 55 

does not follow a linear free energy relationship.99 It is also 
reported that the shape of the cyclic voltammograms of 6 in the 
positive potential range depends on the potential scan rate used. 
At a low scan rate (20 mV s-1), the electrochemical behaviour of 
6 in acetonitrile is close to that observed in a buffered aqueous 60 

medium with a broad oxidation peak at 0.84 V (vs. Ag/0.01 M 
AgNO3 reference electrode) (shoulder) corresponding to the 
MnII/MnIII redox couple.99-103 This MnIII species reacts rapidly 
with residual water contained in the solvent via a 
disproportionation reaction to form the binuclear di-µ-oxo 65 

[Mn2
III,IVO2(bpy)4]

3+complex.99-103 The formation of 
[Mn2

III,IVO2(bpy)4]
3+  ions is displayed by the presence of a 

reversible oxidation system at E1/2 = 1.02 V (vs. Ag/ 0.01M 
AgNO3 reference electrode) leading to the [Mn2

III,IVO2(bpy)4]
4+ 

complex. In this paper, we study electrochemistry of the 70 

[MnII(L)n]
2+ complex (n= 1, 2 or 3, L= bpy or phen) in water at 

pH = 4.5 (acetate buffer) under the same conditions, similar to the 
conditions applied in the experiment with Oxone used as an 
oxidant. The cyclic voltammograms of 3-5 with different scan 
rates exhibit an irreversible broad oxidation peak around 0.3 V, 75 

corresponding to the metal oxidation process Mn(II)/Mn(III) (Fig. 
7).  
 
 
 80 

 
 
 
 
 85 

 

 

 

 

 90 

 

 

 

Fig. 7 Cyclic voltammograms in aqueous buffer at pH 4.5 (scan rate 100 
mV s-1) of a 2 mM solution of 6-8.  95 

 
6-8 display similar cyclic voltammograms with an irreversible 
broad oxidation peak around 0.9 V. 6 has an additional 
irreversible broad oxidation peak around 1.27 V, related to 
multinuclear high-valent Mn complexes.102 Under these 100 

conditions other complexes are not soluble enough (1, 9-10) or 
they  exhibit no oxidation peaks (11-12).  
It is reported that by the addition of Cl-, oxidation processes of 
Mn(III)(L)X (L= Salen or Salpn, X = Br-) improve from quasi-
reversible to reversible, and their oxidation products, 105 

[Mn(IV)(L)X]+ are stabilized by the combination with Cl-, 
resulting in [Mn(IV)(L)Cl2].

103 Effect of the Cl- ions presence 
(2.0 M) was tested in the electrochemical studies of 6-8. The Cl- 
anions have no effect on the metal oxidation process 
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Mn(II)/Mn(III), but have a small effect on the irreversible broad 
oxidation peak around 1.27 V, related to multinuclear high-valent 
Mn complexes in 6 (Fig. S13, ESI†).   
Fig. 8  presents the voltammetric behavior of 17 (cycle number 
25) in an acetate buffer solution adjusted to pH = 5. As clearly 5 

seen, a broad oxidation peak is located between 800 to 1200 mV 
vs. Ag/AgCl electrode, which could be attributed to the 
Mn(II)/Mn(III) oxidation. As previously reported, after ligand 
decomposition, Mn(II) can be oxidized to Mn(III) and 
consequently in a disproportion reaction Mn(III) will convert to 10 

Mn(II) and Mn(IV).104 Hence, in scanning to the positive 
potentials Mn(II) could produce MnO2,  which is a stable form of 
Mn in this condition.105 By increasing the potential cycling, the 
peak current due to conversion of Mn(III) to Mn(IV) is increased. 
It might arise from the fact that the amount of the Mn oxide will 15 

increase after successive potential scans, due to continuous 
conversion of the Mn complex to MnO2. In other words, many 
Mn complexes in water and at high potential decompose to Mn 
oxide. 
Fig. 8b shows the successive voltammograms recorded for 16 in 20 

acetate buffer at pH = 5. As mentioned above for 17, in the first 
cycle the Mn(II)/Mn(III) oxidation peak appeared. By successive 
potential cycling, the first irreversible process (Mn(II)/Mn(III) 
oxidation) is replaced by Mn(III)/Mn(IV) redox behavior. 
Additionally, the peak potential was shifted to the more positive 25 

potential and a reduction peak was observed. The electrochemical 
behavior of both 16 and 17 complexes is similar to the 
electrochemistry of the carbon paste electrode of Mn oxide. Thus, 
it could be concluded that both 16 and 17 complexes are not 
stable under potential cycling.     From these electrochemical 30 

studies, we can conclude that many Mn complexes decompose 
before any water oxidation process can take place in such high 
potential.  
15 is not stable in water. Thus, we considered electrochemistry of 
the complex in acetonitrile. Fig. S10c (ESI†) presents the 35 

voltammetric behavior of 15 dissolved in acetonitrile solution 
containing 0.1 M of LiClO4 as supporting electrolyte at a scan 
rate of 100 mV/s. As it is obvious, a pair of broad redox peaks 
appeared, indicative of quasireversible redox behavior of Mn. It 
should be mentioned that the free ligand (quaterpyridine) did not 40 

show significant redox behavior between +1 to -2 V vs. reference 
electrode. Hence, it could be concluded that the redox peaks 
originated from the oxidation-reduction Mn(II)/Mn(III). 
 
 45 

 
 
 
 
 50 

 
 
 
 

 55 
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 70 

b 

Fig. 8 Cyclic voltammograms (cycle numbers 2-50)  recorded for the 
carbon paste electrode containing 17 at a scan rate of 100 mV/s in an 
acetate buffer solution with pH = 5 (a). Cyclic voltammograms (cycle 
numbers 2-50)  recorded for the carbon paste electrode containing 16 at a 75 

scan rate of 100 mV/s in an acetate buffer solution of pH = 5 (b).  

 
 
Evidences from other groups: True catalysts in 
electrochemical water oxidation by Mn complexes 80 

 
 The effect of the Mn precursors on MnO2 formation in 
electrochemical experiments is considered by William H. Casey 
and Leone Spiccia’s groups.106a  
 [Mn4O4L6]

+ (L: diarylphosphinate), embedded into a Nafion 85 

polymer matrix was reported as an efficient water-oxidizing 
electrocatalyst.106b Some methods probed the fate of the cluster 
within Nafion and provided some evidence supporting the 
presence of an intact cubane structure in Nafion. In 2011, 
William H. Casey and Leone Spiccia’s groups showed a 90 

mechanism for water oxidation by the compound.106a They 
showed evidence that the cluster dissociates and forms a 
disordered Mn(III/IV) oxide phase. Recent data from Spiccia’ 
group showed that many Mn complexes under similar conditions 
decompose to nanoparticulate MnOx, formed in Nafion 95 

polymer.106a This nano-sized Mn oxide oxidizes water under 
neutral pH conditions with the onset of electrocatalysis occurring 
at an overpotential of only 150 mV. The group also found that the 
structure of the complexes is an important factor for the 
controlled formation of a nano-sized Mn oxide.106c These 100 

organic/Mn oxide compounds are promising catalysts for water 
oxidation.106d 
 
The reaction of Ce(IV) with solid Mn complexes or their 
solutions 105 

 
 M. M. Najafpour and A. Nemati Moghaddam previously 
investigated the reaction of some of Mn complexes with 
Ce(IV).107  Here,  we found that all Mn complexes reported here 
(concentration 10-4-10-5 M) in solution and in the presence of 110 
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Ce(IV) produced a brown solution, MnO4
-, and CO2. CO2 could 

be detected in the reaction with a BaCl2 solution. At low 
concentrations of Ce(IV) (2:1 Ce : complex), the EPR spectrum 
confirms the formation of Mn(III/IV) dimers in the reaction of 3-
8 with Ce(IV), showing characteristic 16-line signals (Fig. 9). 5 

[Mn2O2(bpy)4][Ce(NO3)6]·5H2O and multinuclear Mn complexes 
such as [Mn3O4(phen)4(H2O)2](NO3)4·2.5H2O  are synthesized 
and characterized by the Rajasekharan’s group using Ce(IV) as 
oxidant.108,109  
 10 

 
 
 
 
 15 

 
 
 
 
 20 

 
 

Fig. 9 EPR spectrum of 3 (black), the reaction mixture of 3 (0.1 mM) and 
Ce(IV) (1.0 mM) (blue), the reaction mixture of  3 (1 ml, 1 mM) and 
Oxone (0.25 mL, 0.023 M) (green) and the sum of green and black 25 

spectra (red). 

 
Adding more Ce(IV) to these Mn(III/IV) dimers, as used in water 
oxidation reactions, produces Mn(III) complexes, a brown 
solution and MnO4

-. At high concentrations of the Mn complex 30 

on addition to the brown solution, brown particles formation was 
also observed. Thus, Mn complexes should be considered as 
heterogonous catalysts for water oxidation under these 
conditions.  
All Mn complexes studied here as heterogeneous or 35 

homogeneous catalysts decomposed to a brown solution 
compound displaying a UV-Vis band at λmax ~ 410 nm, very 
similar as in the spectrum of the previously reported  
[Mn(H2O)6]

3+ ion.107 More interestingly, mixing of solutions of 
Mn(NO3)2 and Ce(IV) produced a brown solution with a UV-Vis 40 

band at λmax ~ 410 nm, very similar as in the spectrum of the 
product of the reaction of these Mn complexes with Ce(IV).107 
The brown solution produced a solid with no organic groups 
visible in IR spectrum after evaporation of water.  
The reaction of Ce(IV) with Mn(II) has been known and studied 45 

extensively. The results showed that an equilibrium between 
Mn(II), Mn(III), Ce(III) and Ce(IV) is attained in all the 
experiments:29 
Mn(II) + Ce(IV) ↔ Mn(III) + Ce(III)  Eq (1) 
In a new EDX experiment, we found that the products of the 50 

reaction of many Mn complexes with Ce(IV) are CexMn(III)1-

x(NO3)3, forming nano-sized particles. As shown in Fig. 10, only 
a few minutes after reaction with Ce(IV), a compound containing 
low amount of carbon and a high amount of nitrogen and oxygen 
forms, showing decomposition of the Mn complexes immediately 55 

after their reaction with Ce(IV) (Fig. 10). Increasing N in the 
decomposed product is related to attach NH4

+ from Ce(IV) 
solution to clay (Fig. 10). The result is consistent with the 

previously reported data regarding CO2 formation under these 
conditions by other Mn complex. No presence of the organic 60 

groups in FTIR spectra recorded for this compound is observed as 
Ce(IV) serves as a powerful oxidant to decompose of the organic 
ligands. 
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Fig. 10 SEM (a,b) and TEM (c,d) images after treating of 16 with Ce(IV) 
(0.5 M) and EDX (e) elemental analysis for 16 before (red) and after 
(black) reaction with Ce(IV) carried out for 10 minutes (0.5 M). Two 
points before and after treating with Ce(IV) were selected and elemental 25 

analysis was carried out.  

It is important to note that the rate of oxygen evolution catalysed  
by Mn oxides prepared in the decomposition of Mn complexes 
may be different from the rate of oxygen evolution by usual Mn 
oxides, because organic compounds formed in decomposition of 30 

the ligands around the Mn oxides may increase the water- 
oxidizing activity.106c,107,110-112 The Chang and Spiccia groups  
recently using TEM and electron scattering simulations results 
related the efficiency of formed Mn oxide in the presence of 
organic compounds to high degree of layer mis-registration, and 35 

Mn vacancies, compared to other Mn oxides.112  
We also found that in the presence of Oxone, only Mn complexes 
with carboxylate groups decompose to MnO4

- but in the presence 
of Ce(IV) all Mn complexes decompose to MnO4

-. 
 40 

 
 
 
 
 45 

 
 

 

 

Scheme 3 Pourbaix diagrams for Mn. Layered Mn oxide is the most 50 

stable Mn oxide at high enough potential with modification from ref. 113. 

Recently, [(OH2)(terpy)Mn(µ-O)2Mn(terpy)(OH2)]
3+-

montmorillonite in the presence of Ce(IV) was considered by 
EXAFS.110 This reaction is very interesting as the system is a 
model for the OEC in PSII.114 The groups showed that after 55 

treating with Ce(IV) (0.25 M):110  Regarding EXAFS and 
XANES data, it was found that after treatment with Ce(IV), the 
simulation results for the [(OH2)(terpy)Mn(µ-
O)2Mn(terpy)(OH2)]

3+-montmorillonite hybrid material show a 
clear transformation to a layered oxide structure.110

 The results 60 

show that a Mn oxide formation-process before water oxidation 
occurs for the complex adsorbed on montmorillonite.  
All of these results show that a Mn oxide with low amounts of 
carbon and nitrogen is formed on montmorillonite and that this 
compound is able to oxidize water.110 As Mn oxides are efficient 65 

catalysts for water oxidation, thus the nano-sized Mn oxides were 
proposed as active catalysts in the reaction of the complex and 
Ce(IV). Thus, it seems that Mn oxides are the most important and 
stable Mn-based catalysts toward water oxidation. 
 70 

Conclusions 
 Results from our and other groups show that many Mn 
complexes electrochemically or chemically decompose to Mn 
oxides, and then these active Mn oxides oxidize water. In many 
of these experiments a layered Mn oxide is detected as the true 75 

catalyst for water oxidation. Regarding Pourbaix diagram, we 
also propose that a layered structure is the most stable phase 
under these conditions. More interestingly, it was shown that 
many Mn oxides under high oxidizing power convert to the 
layered Mn oxide.115 Scheme 4 shows a summary of the proposed 80 

mechanisms for water oxidation by Mn-based catalysts. 
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Scheme 4 In many oxygen evolution reactions catalyzed by Mn-based 
compounds, a layered Mn oxide is the true catalyst. *In the case of Oxone 
as oxidant, other intermediates than Mn oxides are also present. In the 
case of this oxidant in the presence of Mn oxide, oxygen evolution and 
not water oxidation occurs.  5 
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