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Abstract

Study on the Electronic Structure
Control of Mn Oxide Nano-catalysts
by Surface Functionalization
Yoo Kyung GO
Department of Materials Science and Engineering
The Graduate School
Seoul National University
Nature has selected various types of manganese enzymes due to
good catalytic activity resulting from highly redox-active characteristics of
manganese. In the meanwhile, multinuclear manganese enzymes are known to
mediate reactions with high performance by the cooperative effects of each
manganese ion in the structure. Interestingly, in this regards, photosynthetic
water oxidase which has a tetranuclear Mn4CaO5 cluster in PS II is known to
be the best catalyst for water oxidation among all reported. Inspired by this
Mn-Ca cluster in nature, the Calcium EDTA chelates were functionalized on
the manganese oxide nanoparticles; so to change the electronic structure of
manganese and broaden the applicability of catalyst as a future work. In this
work, the removal of myristic acid, the original ligand of manganese oxide
nanoparticles, and successful ligand exchange to Ca-EDTA chelates were
verified by the FT-IR spectroscopy. Moreover, the local structure on the
surface of manganese oxide nanoparticles was suggested by the stretching
i

vibration of COO- and bending vibration of C-N bond; calcium ion and
manganese ion are proposed to form pseudo-bridge as a major state and the
nitrogen atoms are suggested to chelate the manganese ion on the surface of
manganese oxide nanoparticles. Partially, some carboxylate groups of EDTA
are considered to be bound as unidentate and bidentate mode as a mixture.
Also, electronic structural analysis of calcium EDTA chelated manganese
oxide nanoparticles was performed by EPR analysis. The calcium-affected
manganese ions are verified to have high axial zero-field-splitting (D ~ 0.023
cm-1) compared to conventional Mn (II) (D = 0.014 cm-1) by a multifrequency EPR simulation and are demonstrated to have weak exchange
coupling between manganese ions (J below 1 cm-1) via temperature
dependency analysis of EPR and SQUID.
The observation of electronic structural change of manganese, the
axial distortion in the ligand field of manganese and weak exchange coupling
between manganese ions, in this work will be a pioneering model in
heterogeneous system for further application to catalysis and in the meantime
for better understanding of the role of calcium ion in Mn-Ca cluster in nature.

Keywords: Redox-inactive Metal, Calcium Ion, Exchange Coupling,
Zero-Field-Splitting, Manganese Oxide Nanoparticles, Ethylene Diamine
Tetra Acetic acid(EDTA)
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Chapter 1. Introduction
1.1 Mn Based Natural Enzymes
Manganese are known to have various oxidation state from 0 to +7 in
the Latimer diagram for manganese (Figure 1.1).1,2 Due to this reason,
manganese is highly redox-active and are ubiquitous in nature as enzyme3;
herein, various types of manganese based natural enzymes will be presented.
At neutral pH, only Mn(II) is stable in aqueous solution1; therefore,
the majority of manganese based enzymes use Mn(II) oxidation state. One
example of mononuclear manganese enzyme is Mn superoxide dismutase
(MnSOD) (Figure 1.2).4 The active site of MnSOD, which dismutes
superoxide radical into dioxygen or hydrogen peroxide, has a manganese
mononuclear center ligated with three histidine, an aspartate, a glutamine, a
tyrosine, and a water molecule, in particular at human cell, but as an overall
enzyme, it forms tetramer as shown in the human MnSOD5-6 and have a large
axial zero-field-splitting.4
In the meanwhile, there are many types of multinuclear manganese
enzyme in nature. Several types of multinuclear manganese enzyme is listed
in Table 1.1.3 A well-known photosynthetic water oxidase have a tetranuclear
Mn4CaO5 cluster in PS II and is the best catalyst for water oxidation among
all reported (Figure 1.3).7 Among various compartments in PS II, the Mn-Ca
cluster works as the reaction center forming a distorted structure called
cubane structure.7 Even though not all chemistry has been revealed in the
water oxidation catalysis, it is credible that the cooperative effects of each

1

manganese ion in the tetranuclear structure bolster the high catalytic activity.7
In accordance with this concept, binuclear manganese enzymes have been
adopted in nature due to their strongly correlated physicochemical properties.3
Some examples of binuclear manganese centers exist in such proteins as
arginase, thiosulfate oxidase, dinitrogen reductase regulatory protein, and so
on as shown in Table 1.1.3 In an aspect to the catalytic property or the redox
property, it is considered that nature have developed binuclear, or multinuclear,
catalysts to obtain electronic coupling between the metals resulting in
simultaneous two-electron redox transitions at a single electrochemical
potential.3,8 In mononuclear metal centers, also, two-electron steps are
available, but only when compensated changes in the ligand field potential or
proton ionization is assisted.3

2

Figure 1.1 Latimer diagram for manganese 1, 2
The Latimer diagram for Manganese verifies the standard reduction
potentials in oxidation states from +7 to 0 (in 1 M acid).

3

Figure 1.2 Structure of a human Mn superoxide dismutase 2 tetramer
(MnSOD) (upper left)5 , mononuclear active site of MnSOD (upper
right)5, and EPR spectra of MnSOD (bottom)4
Mn(II) with a large axial zero-field splitting is observed at g=6. Figure 1.2
was reproduced from [4], [5], and [6].

4

Table 1.1 Multinuclear Manganese Enzymes3

5

Figure 1.3 Mn4CaO5 cluster in PS II7
Mn4CaO5 cluster in PS II have cubane structure. Reproduced from [7].

6

1.2 Homogeneous Mn Based Synthetic Catalysts
Inspired by manganese enzymes in nature, a various kinds of
homogeneous manganese based synthetic catalysts have been developed.
Herein, regarding electronic coupling, modeling the active sites of binuclear
manganese enzymes in structural aspect is mainly discussed.
By

ligating

with

tacn

(1,4,7-triazacyclononane)and

tmtacn

(N,N’,N’’-trimethyl-1,4,7-triazacyclononane)family of ligands, diverse mono-,
di-, tri- and tetranuclear manganese complexes can be synthesized (top, Figure
1.4).9-14 For the binuclear complex made of tacn and tmtacn, redox transitions
from Mn(II)-Mn(II) to Mn(IV)-Mn(IV) in series are available.9 Besides,
Dismukes and coworkers proposed a heptadentate, benzimidazolyl based
ligand

(L)

(N,N’,N’’,N’’’-tetrakis(2-methylenebenzimidazolyl)-1,3-

diaminopropan-2-ol) for binuclear manganese complex (bottom, Figure 1.4).15
The complexes were first confirmed as Mn2II oxidation state, but during the
decomposition of hydrogen peroxide, Mn2III was obtained.9 This suggests a
Mn2II/ Mn2III cycle in redox catalysis which is similar to manganese catalase in
nature.9

7

Figure 1.4 Homogeneous Mn based synthetic catalysts9
TACN-based structural models (top), Benzimidazolyl-based catalase
mimics (bottom) Reproduced from [9].

8

1.3 Effects of Redox-inactive Metals on Catalysis
As previously mentioned as above, nature has selected the Mn4CaO5
cluster (oxygen evolving complex, OEC) as a water oxidation catalyst in PS II
and it is the best catalyst for water oxidation among all reported.7 The
Mn4CaO5 is composed of a calcium ion and four manganese ions bridged by
oxido ligands (Figure 1.3).7,16 During the water oxidation procedure, the OEC
is involved with the transfer of four electrons to evolve oxygen from water. So
far, the redox states, or S-states, in the catalytic cycle of OEC, or the Kok
cycle, have been signified by several spectroscopic analysis; the Electron
Paramagnetic Resonance as a representative and further the pulsed EPR
methods of electron spin echo envelope modulation (ESEEM) and electron
spin echo-electron nuclear double resonance (ESE-ENDOR) for better
understanding.17-19 However, the overall mechanism of oxygen evolution is
not clear and the role of calcium is not elusive, either.7,20-22
Therefore, there have been many approaches to synthesize Ca-Mn
cluster mimicking system, including Dismuke group23, Agapie group24 and
Dau group25, and substitute calcium ion for better understanding of the role of
calcium in OEC. Among various metal candidates, it has been concluded that
strontium (II) is the only metal to maintain the function (~40% of the original
activity of water oxidation) and structure of OEC, although showed a reduced
catalytic ability.26-28 Moreover, with regards to a substitution by cadmium
which has a similar ionic size with calcium, it was concluded that further
process toward the S3 state in Kok cycle was prevented in presence of
cadmium ion and deduced that not only structural factors matter in the
function of the OEC.29 By Quantum Mechanics/Molecular Mechanics
9

Calculations, it is concluded that cadmium yields smaller pKa value for water
molecule that is bound to hetero-metal ion, herein calcium, strontium, and
cadmium, than calcium and strontium ion; therefore, affects the hydrogen
bonding network and the redox potential to inhibit the proceeding to S3 state
in the Kok cycle. 29 On top of that, according to professor Agapie, manganese
centers are very closely related to the oxido moieties and redox-inactive
metals in the synthetic MMn3O2 cluster (Figure 1.5).
E1/2 of MnIVMnIII 2/MnIII

3

30

The dependence of

couple on pKa of M(aqua)n+ ion (lower right,

Figure 1.5) shows that as the Lewis acidity of redox-inactive metal(Mn+)
increases, Mn+ draw the electron density from the oxido ligands more and this
yields destabilization of the higher-oxidation-state Mn ion.

30

As can be

predicted from the substitution study on the OEC, both calcium and strontium
ion have a similar E1/2 of MnIVMnIII 2/MnIII 3 couple. 30
In the meanwhile, professor Won Woo Nam further elucidated the
role of calcium by studying Mn+-FeIII(TMC)-peroxo complexes.31 Herein,
TMC refers to 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane. As seen
from Figure 1.6, first, it was verified that the higher Lewis acidity redoxinactive metal(Mn+)s have, the higher oxidation and reduction potentials Mn+FeIII(TMC)-peroxo complexes have. Furthermore, it was concluded that Mn+FeIII(TMC)-peroxo complexes release dioxygen in oxidative condition only in
presence of calcium and strontium rather than in presence of zinc, Lutetium,
yttrium, and scandium.31 This results suggest that the last step of the Kok
cycle to release dioxygen is controlled by the redox-inactive metal ions and
their Lewis acidity. 31By all experimental evidence, seemingly, the importance
of calcium in the OEC’s operation is strongly correlated to the Lewis acidity.32
Also, in the field of heterogeneous catalysts, mixed metal oxides
10

which have redox-inactive metal components as well as redox-active metal
have been of great interests in energy conversion field due to their significant
activity. One example is Mn birnessite decorated with calcium in layer
structure showing a similar structure with the OEC and yielding high water
oxidation catalytic ability (Figure 1.7).33
Furthermore, many discrete molecular systems of heterometallic
complex, which includes both redox-active component and redox-inactive
component, have been proposed to study the effects of redox-inactive metal
on catalysis. Since molecular design to bridge metal ions in a desired way is
better achievable than a heterogeneous systematical design, many works to
unravel the role of redox-inactive metals were conducted; one example is
Mn(V)–oxo species of Tetra Amido Macrocyclic Ligand (TAML) (Figure
1.8).34 In the presence of redox-inactive metals, Zn2+, Mg2+, and Sc3+, Mn(V)TAML oxidized 2,3-dimethyl-2-butene to 2,3-dimethylbut-3-en-2-ol as the
major product, while Li+, Ba2+ and Na+ showed no product.34 In this regards, it
is elucidative that redox-inactive metals are highly involved in the redox
chemical reactions while the rational rule is not known. 33,34
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Figure 1.5 Synthetic MMn3O2 cluster by Agapie group30
Cyclic voltammetry condition as below; 0.1 M NBu4PF6 10:1
CH2Cl2/DME (lower left). Dependence of E1/2 of MnIVMnIII 2/MnIII

3

couple on pKa of M(aqua)n+ ion (lower right). High Lewis acidity of
redox-inactive metal destabilizes the higher-oxidation-state manganese
ions. Reproduced from [30].
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Figure 1.6 Metal(III)–peroxo complex by Won Woo Nam group31
The higher Lewis acidity redox-inactive metal(Mn+)s have, the higher
oxidation and reduction potentials Mn+-FeIII(TMC)-peroxo complexes
have. (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane)
Reproduced from [31].
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Figure 1.7 Redox-inactive metal(M) decorated Mn birnessite :
Structure (top) and Water oxidation property (bottom)33
Calcium ion decorated Mn birnessite shows the best catalytic activity of
water oxidation. Strontium ion yields the second highest activity.
Reproduced from [33].
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1.4 Importance of Hetero-Hybrid Catalytic Materials
Efficient catalyst is one of the most important factor in chemical
industry.35,36 Among various types of metal catalysts, transition metal based
inorganic catalysts, in particular, have been explained by d-band center theory
with respect to their catalytic activities and are known to have maximum
activity which leads to volcano plot.37,38 Hence, to enhance the reactivity of
catalysts, new approaches can be applied; dopping and surface modification.
However, a dopping method to synthesize heteroatom dopped catalyst
includes more complex procedures from the beginning and is less economic
regarding that active sites are all located on the surface. Therefore, surface
modification may help heterogeneous catalysts function better after a few
steps to decorate the surface by changing steric and electronic features of
metal active sites locally as homogeneous catalysts. 39
Multidentate organic coupler, which connects active centers in near
region, are known to stabilize inorganic catalysts by reducing electronic and
steric repulsion between the active sites.40 One example is the improvement of
selectivity and activity in the epoxidation of cyclohexene and allylic alcohols
by simply adding amines to TiO2-SiO2 as adduct.41-43 Very recently, 2015, in
accordance with this concept, self-assembled hydromethoxylation catalyst,
composed of heterogeneous CeO2 and 2-cyanopyridine, was reported in Nat.
Comm. by prof. Keiichi Tomishige, exhibiting dramatic activity rate increase
for the oxidation of acrylonitrile (Figure 1.9).44 The team has asserted that it is
the “first” construction of versatile active sites on the surface of
heterogeneous compounds, to the best of their knowledge. 44 The novelty of
that work was the direct detection of 2-cyanopyridine molecule on the active
15

site of CeO2 during reaction by TG-DTA and UV-vis analysis, a verification of
binding group by FT-IR, and accelerated reaction rate by 2000 times.
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Figure 1.9 Schematic images of strategy for design of organic
compound-modified metal oxides. 44
Self-assembled heterogeneous/homogeneous hybrid catalyst composed of a
metal

oxide

and

an

organic

modifier

(top).

Self-assembled

heterogeneous/homogeneous hybrid catalyst based on CeO2 and
pyridine derivatives (bottom).
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1.5 Research Scope and Materials Design
Beyond organic coupler, a surface modification of heterogeneous
catalyst via decoration with hetero-metal, particularly redox-inactive metal
inspired by nature, would be a new breakthrough and substantiate the effects
of organic coupler.
Hence, to realize this modification, a particular organic molecule,
Ethylene Diamine Tetra Acetic acid (EDTA), has been chosen to decorate the
surface of heterogeneous catalyst (Figure 1.10). Besides, given the useful
redox property and high oxidation reactivity, manganese oxide nanoparticles
were selected as heterogeneous catalyst or structure. Also, inspired by various
research with redox-inactive metals, we further located redox-inactive ions on
the surface of outer-most organic molecule part; calcium as a representative in
Chapter 2 and 3. Additionally, in a way to study the role of calcium to change
the physical property of EDTA treated, or functionalized, MnO NPs and
further broaden the application, various redox-inactive metals were screened
in EDTA -functionalized MnO NPs system in Chapter 4. The metals with
smaller Lewis acidity with respect to Mn2+ can donate or make the electron
density of manganese higher. Among these, redox-inactive metals like Ba2+,
Sr2+, Ca2+, and Mg2+ were selected for the screening and marked as green
(Figure 1.11).45 The metals with higher Lewis acidity with respect to Mn2+ can
remove or make the electron density of manganese smaller. Among these,
redox-inactive metals like Zn2+ , Yb3+ , and Y3+ were selected for the
screening and marked as orange (Figure 1.11). 45
To sum up, herein, a “new approach” to decorate heterogeneous
catalyst, manganese oxide nanoparticles, with redox-inactive metal chelates
18

on the surface so as to change the electronic structure of manganese was
suggested for the first time to my best knowledge; furthermore, it can be
regarded as the first delicate heterogeneous model system based on
monodisperse nanoparticles to mimic Manganese-Calcium cluster of PS II in
nature.46 Also, we demonstrate that metal chelate on manganese oxide
nanoparticles can increase Mn(II)-Mn(II) exchange coupling effects.
Throughout this thesis, EDTA -functionalized MnO NPs are written as EDTA
treated MnO NPs, EDTAMnO, or EDTAMnO NPs for convenience in some
figures and the text.
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Figure 1.10 Ethylene Diamine Tetra Acetic acid (EDTA)
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Figure 1.11 Redox-inactive metal screening in EDTA-functionalized
MnO NPs system 45
Various redox-inactive metals were selected; Ba
2+

(more Lewis basic than Mn ), Zn

2+

, Yb

2+

Mn ).

21

3+

3+

2+

, Sr

2+

, Ca

2+

2+

, Mg

, Y (more Lewis acidic than

Chapter 2. Experimental and Procedure
2.1 Surface Functionalization of Manganese Oxide NPs

2.1.1 Synthesis of Manganese (II) Oxide Nanoparticles

Mn(CH3COO)3∙2H2O (99%), 1-Octadecene (90%), Myristic acid
(99%), and Decanol (CH3(CH2)9OH) were purchased from Sigma Aldrich and
used without additional treatment. The manganese oxides nanoparticles were
synthesized via hot injection method to obtain ~10 nm mono-disperse sphere
nanocrystals.

47

1mmol

of

manganese

acetate

dehydrate

(Mn(CH3COO)3∙2H2O), 2mmol of myristic acid, and 20 ml of octodecane
were mixed and heated up to 110 ℃ under continuous degassing for 90 min.
3 mmol of decanol was mixed with 1 mL of octadecene to form a solution and
this solution was heated at 110 ℃ under degassing for 2 hours with vigorous
stirring at another glass pot. After 90 min, the temperature of manganese
precursor was raised to 295 ℃ under Ar atmosphere and then the mixture of
decanol was injected rapidly for the fast nucleation. The color of the solution
changed into dark brown from brown at 110 ℃ and pale yellow at 295 ℃
after hot injection. The temperature of the mixed solution was maintained at
295 ℃ for 1 hour and sequentially the mixture was cooled down to room
temperature. The as-prepared MnO nanoparticles were washed with acetone
and toluene by 2 fold the amount of the nanoparticles solution each with
centrifugation at 13500 RPM for 2 min. The washing process was conducted
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3 times.

2.1.2 Surface Functionalization via Ligand Exchange

As-prepared MnO NPs were initially dispersed in octane with
concentration of 1.7 mg/ml after washing. 0.01 M EDTA methanol solution
was synthesized by dissolving EDTA in methanol in the presence of 4
equivalent triethylamine under sonication for 1 hour. Then, 700 ul of the MnO
octane solution was mixed with 700 ul of 0.01 M EDTA methanol solution
and 200 ul of hexane over 3 hours. After the ligand exchange process, and
centrifugation was done by adding excess amounts of toluene to the solution;
13500 RPM for 2 min. The sunk nanoparticles were dispersed into 300 ul of
0.01 M EDTA methanol solution and mixed with 300 ul of octane vigorously
for 1-2 min. Then, centrifugation was conducted once more and the
nanoparticles were washed with ethanol and toluene; 13500 RPM for 2 min.
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2.1.3 Decoration of Calcium Cation

After synthesis of EDTA treated MnO NPs, calcium chloride ethanol
solution (0.01 M) was added to EDTA-functionalized MnO NPs with
nanoparticles concentration of 2.3 mg/ml. The particle solution was stirred for
1 hour and centrifuged; 13500 RPM, 2 min. Then, the sample was washed
with ethanol and toluene.

2.2 Characterization of Surface-Functionalized
Manganese Oxide Nanoparticles
2.2.1 Powder X-ray Diffraction (XRD)

The powder X-ray diffraction (XRD) was measured via a D-8
Advance X-Ray Diffractometer with Cu Kα radiation (λ=1.54056 Å). The
powder samples were loaded on Si holder and retrofitted in X-ray
diffractometer. The XRD patterns were evaluated in the range of 20° – 65°
with a step of 0.02° and rate of 0.028°/sec. The obtained XRD patterns were
compared with JCPDS cards for the confirmation of phases.

2.2.2 Scanning Electron Microscopy (SEM)

The SEM image of the spin-coated CaEDTA -functionalized MnO
NPs was taken at Supra 55VP, Carl Zeiss, Germany. The spin-coating
condition was as below; CaEDTAMnO NPs were dispersed in 20 ul methanol
24

with a concentration of 72mg/ml and spin-coated in the 2 cm × 1 cm FTO
glass by 3000RPM for 10 seconds.

2.2.3 Transmission Electron Microscopy (TEM)

TEM images and the EDS analysis were collected using a high
resolution Transmission Electron Microscope, 2100F, JEOL, Japan with an
acceleration voltage of 200kV. The TEM samples were prepared by dropping
methanol solution of well-dispersed CaEDTAMnO NPs on the copper TEM
grid and drying.

2.2.4 X-ray Absorption Spectroscopy (XAS)

The XAS measurement were all achieved at Pohang Accelerator
Laboratory, Pohang, the Republic of Korea. All data was obtained in the
fluorescence mode and further calibrated with bulk manganese oxide
references, MnO, Mn3O4, Mn2O3, and MnO2. The samples were prepared by
dropping each nanoparticles solution dissolved in methanol onto the FTO
glass and vacuum evaporated.
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2.2.5 Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR analysis was conducted with a high resolution vacuum
FT-IR Spectrophotometer (VERTEX80v, BRUKER) with resolution of 4 in
the wavenumber range 600-4000 cm-1 in-vacuo. The scan number was 32. The
samples were prepared with nanoparticles powder as KBr pellets after
overnight freeze-drying.

2.2.6 Cyclic Voltammetry (CV)

All electrochemical CV measurements were conducted under a three
electrode system with an electrochemical analyzer (CHI 760E, CHInstruments,
Inc) with Pt foil (2 cm × 1 cm × 0.1 mm , 99.997%, Alfa Aesar) counter

electrode and a Ag/AgCl/3M NaCl (BASi) reference electrode. Fluorine
doped Tin Oxide coated glass (FTO, TEC-8) with 15Ω/sq surface resistivity
was used. The measured potential (V vs. Ag/AgCl) was converted to NHE by
adding 0.197 V. The buffer was 100mM sulfate buffer adjusted to pH7 by
using sodium hydroxide. The scan rate was 10mV/sec.
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2.2.7 Multi-frequency Electron Paramagnetic Resonance (EPR)

The EPR data was collected at Korea Basic Science Institute, Seoul,
the Republic of Korea. The CW X-band EPR measurements were performed
by a Bruker EMX/Plus spectrometer with a dual mode cavity (ER 4116DM).
To yield a low temperature for measurement, liquid He quartz cryostat
(Oxford Instruments ESR900) with a temperature/gas flow controller (Oxford
Instruments ITC503) was used. The experimental condition is as below;
microwave frequency of 9.64GHz for perpendicular mode, 9.4GHz for
parallel mode, modulation amplitude of 10G, modulation frequency 100kHz,
microwave power 0.94mW for perpendicular mode (except during the
temperature dependency analysis), 5.0mW for parallel mode at temperature
5K. The scan number was 10 for each analysis. The samples were prepared by
dispersing the nanoparticles in 10% glycerol/DI water solution in EPR quartz
tube and freezing at 77K in liquid nitrogen. The CW W-band EPR
measurement was conducted by a Bruker spectrometer (ELEXSYS-II E680)
with microwave frequency of 94.00063 GHz.

2.2.8 Superconducting Quantum Interference Device (SQUID)

SQUID analysis was all conduced at the Institute of Applied Physics,
Seoul National University, Seoul, Korea using a squid magnetometer
(Quantum Design, USA). The M-T analysis was performed at 1000Oe from
10K to 300K using liquid He quartz cryostat. 3.7mg of the CaEDTAfunctionalized MnO NPs was sampled in a collagen tube and measured.
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Chapter 3. Results and Discussion
3.1 Characterization of Structure
3.1.1 Morphological Analysis
3.1.1.1 Scanning Electron Microscopy (SEM)

The CaEDTA functionalized MnO nanoparticles were spin-coated
for SEM sampling by the following method: 20 ul of ~1.2 mg CaEDTAfunctionalized MnO nanoparticles solution in Methanol was spin-coated on 2
cm × 1 cm FTO glass by 3000 RPM for 10 seconds. The EDS analysis was

conducted and calcium peak was observed (Figure 3.1). Therefore, EDTA can
be regarded as a good ligand to decorate manganese oxide nanoparticles with
hetero-metal, calcium herein.

3.1.1.2 Transmission Electron Microscopy (TEM)
The TEM image shows that CaEDTA-functionalized MnO NPs
maintain their original morphology, which are spheres, even after the ligand
exchange procedure from myristic acid to EDTA and the sequential calcium
inserting procedure (Figure 3.2). The size of the nanoparticles was ~10nm,
same with the size of as-prepared MnO nanoparticles (myristic acid MnO
nanoparticles). Also, TEM EDS analysis was conducted to show the presence
of calcium ion on the surface of manganese oxide nanoparticles. A calcium
peak was indicated as a red star in the spectrum (Figure 3.3).
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Figure 3.1 SEM EDS Analysis of CaEDTA-functionalized MnO
NPs CaEDTA-functionalized MnO NPs are decorated with calcium.
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Figure 3.2 TEM image of CaEDTA-functionalized MnO NPs
CaEDTA-functionalized MnO NPs maintain the original morphology of
sphere after ligand exchange and calcium ion insertion procedure.
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Figure 3.3 TEM EDS Analysis of CaEDTA-functionalized MnO NPs
CaEDTA-functionalized MnO NPs are decorated with calcium.
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3.1.2 Phase Analysis

3.1.2.1 Powder X-ray Diffraction (XRD)

From the XRD pattern and JCPDS cards, the phase of CaEDTAMnO
and EDTAMnO nanoparticles were confirmed as MnO (Figure 3.4). Due to
nanoparticles’ low noise-to-peak ratio, it is vague to mention the existence of
Mn3O4 phase in the XRD data. However, with respect to XANES analysis, in
the next sub-chapter, CaEDTAMnO and EDTAMnO nanoparticles are likely
deduced to be slightly oxidized to Mn3O4 on the surface.

3.1.2.2 X-ray Absorption Near Edge Structure (XANES)

In order to quantify the oxidation state of EDTA-functionalized MnO
and CaEDTA-functionalized MnO nanoparticles, a XANES analysis was
conducted. At the energy range of Mn K-edge, the average oxidation state of
manganese was able to be calculated with reference materials; MnO, Mn3O4,
Mn2O3, and MnO2.48 First, the edge-rise energy positions of each sample at
the X-ray absorption intensity of 0.3 was obtained; 6544.3, 6546.5, 6547.6,
6550.6, 6545.3, 6545.9, 6546.0, and 6546.1 eV, for bulk MnO, Mn3O4, Mn2O3,
MnO2, as-prepared(myristic acid) MnO NPs, EDTA-functionalized MnO NPs,
CaEDTA-functionalized MnO (high Ca2+ concentration) NPs, and CaEDTAfunctionalized MnO NPs, respectively (Figure 3.5). Then, the linear fitting
was conducted to find a linear relation between the absorption energy and the
oxidation state of manganese (Figure 3.6).48 The linear equation used in this
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work was as below;

Absorption Energy

= 3.1510 × Average Oxidation State of Mn + 6538.1

Guaranteed as R2=0.9993, the above equation verifies a high linear
dependency. From this fitting, further calculation of the average manganese
oxidation states of each sample was achievable (Table 3.1). EDTAfunctionalized MnO NPs were slightly more oxidized than the as-prepared
MnO NPs by 0.19 and oxidation state of CaEDTA-functionalized MnO NPs
were comparable to EDTA-functionalized MnO NPs. Therefore, it can be
deduced that the surface of MnO NPs was partially oxidized during the ligand
exchange and slightly more in calcium inserting procedure to Mn3O4 in all
likelihood.

33

JCPDS 01-075-0625 : MnO
JCPDS 04-007-1841 : Mn3O4
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EDTAMnO

Intensity (A.U.)

1200

1000

800

20

30

40

50

60

2-theta (o)

Figure 3.4 XRD pattern of CaEDTAMnO and EDTAMnO NPs
CaEDTAMnO NPs and EDTAMnO NPs have same XRD pattern with
major peak of MnO phase.
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Figure 3.5 The X-Ray Absorption Spectroscopy
The X-Ray absorption spectroscopy gives information of the oxidation
state of manganese from XANES region and local geometry near
manganese atom from EXAFS region.
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Figure 3.6 XANES linear fit calculation
EDTAMnO NPs were slightly more oxidized than the as-prepared MnO
NPs.

36

Table 3.1 XANES linear fit calculation
EDTAMnO NPs were slightly more oxidized than the as-prepared MnO
NPs by 0.19 and oxidation state of CaEDTAMnO NPs were comparable
to EDTAMnO NPs by 0.07. Partial oxidation on the surface of MnO NPs
is expected.

Sample
(Nanoparticles)

Mn Average
Oxidation State

Myristic Acid MnO
(as-prepared MnO)

2.29

EDTAMnO

2.48

CaEDTAMnO

2.55

CaEDTAMnO
2+
(high Ca concentration)

2.53
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3.1.3 Local Structure Analysis

3.1.3.1 Extended X-ray Absorption Fine Structure (EXAFS)

At certain energy, certain atoms absorb the X-ray beam yielding a
phenomenon of photoelectrons’ backscattering and this gives information
about the local structure49 (Figure 3.5). The extracted spectrum was weighted
by k2 in order to obtain a smooth wave packet for improving the separation of
Fourier peaks (Figure 3.7). After Fourier-transformation(FT), A FT-EXAFS
spectra was obtained with reduced distance as an indicator of the abscissa axis
and the number of backscattering atoms (Figure 3.8).48,49
Since the reduced distance does not refer to the real bonding distance
between two atoms, the absorber-backscatterer distance, the real distance,
need to be related to the Rreduced by an equation.

48,49

In crystallography, di-u-

oxo bridging between Mn ions in MnO phase yields Mn-Mn distance
(absorber-backscatterer distance RAB) as 3.14 Å(Table 3.2). Given the
experimental data, reduced distance Rreduced of bulk MnO sample was
measured as 2.638 Å. Therefore, by assuming the absorber-backscatterer
distance (RAB) as 3.14 Å, both distances could be related with an equation,
Rreduced = RAB – 0.502 Å, which is comparable to precedent studies.48 In this
study, RAB values were all calculated based on this equation and written in
Table 3.3.
The terminal Mn-O bonding peaks of EDTAMnO NPs, CaEDTAMnO
NPs, and CaEDTAMnO wigh high Ca2+ concentration have a tendency to
increase as the concentration of calcium ion increases; from 2.250, to 2.317
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and 2.403 Å (Table 3.3). The mechanism of the elongation of Mn-O
terminal bond in CaEDTAMnO NPs is considered by the electro-static pulling
by calcium as shown in the inset (Figure 3.8). The manganese involved
bonding, such as Mn-O and Mn-Mn bond, are conventionally known to have
~3 Å for di-u-oxo bridging between Mn ions or edge-sharing Mn octahedral
and ~3.4 Å for mono-u-oxo bridged Mn ions, corner-sharing octahedral. 48,50
Herein, EDTA-functionalized manganese oxide nanoparticles are signified to
have similar bonding character with general manganese oxides.
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Figure 3.7 The k weighted EXAFS spectra
The local geometry near manganese atom was acquired from EXAFS
region.
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Figure 3.8 The k

2

weighted Fourier-Transformation (FT)-EXAFS

spectra
Inset refers to a proposed extension mechanism of terminal Mn-O bond
length in CaEDTA treated MnO NPs. In the presence of Ca

2+

ion, Mn-O

terminal bond length was elongated. Edge-sharing Mn octahedral (MnMn) bonding is in the range near 2.7Å and corner-sharing Mn octahedral
(Mn-Mn) bonding peaks are located over 3Å.
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Table 3.2 Crystallographical bonding information of manganese
The Mn-O bonding lengths of Mn3O4 at 1.916 Å and 2.125 Å are
octahedral Mn-O and tetrahedral Mn-O, respectively.

Mn-Mn bonding

lengths of Mn3O4 are 2.967 Å and 3.253 Å whereas 3.14 Å represents
Mn-Mn bonding in MnO phase. Mn-O bonding lengths in MnO are 2.22Å.
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2

Table 3.3 The k weighted Fourier-Transformation (FT)-EXAFS :
The comparison of Mn-O and Mn-Mn bonding distance
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3.1.3.2 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis is a useful tool to solve the binding structure of EDTA
onto MnO nanoparticles and more precisely verify how calcium ions are
bound to EDTAMnO NPs in order to form CaEDTAMnO NPs.
Conventionally, the changes in the bands assigned to carboxylate’s symmetric
virbration vsym(COO-), antisymmetric stretching vibration vasym(COO-), and CN bending vibration δ(C-N) are indicators of complexation with respect to
organic molecules.51,52 Since EDTA molecules have four carboxylate groups

and two nitrogen atoms from tertiary amine groups, vasym(COO-), vsym(COO-),
and δ(C-N) can give effective information about the local structure on the
surface of CaEDTAMnO NPs.

Since as-prepared MnO NPs have myristic acid as ligand, the FT-IR
specta show several peaks matched to stretching vibration peaks of CH2 and
CH3. The symmetric stretching peaks of CH2 and CH3 are 2850 and 2871 cm-1,
respectively. 51,52 The antisymmetric stretching peaks of CH2 and CH3 are 2919
and 2955 cm-1, respectively.

51,52

A sharp peak near 1600 cm

-1

is assigned to

the antisymmetric, or asymmetric, vibration of COOM (M refers to metal)
(Figure 3.9).51,52 In order to compare the relative intensity of vasym(CH2) and
vasym(COOM), three slops are drawn as below (Figure 3.9). Regarding that the
transmittance intensity is proportional to the amount of particular bond, it can
be concluded that myristic acid as ligand of MnO nanoparticles is exchanged
to EDTA successfully via a ligand exchange method as described in Chapter 2.
Also, we can observe this ligand exchange by a naked eye53 as hydrophilic
EDTA-functionalized MnO NPs can be dispersed well in methanol while
hydrophobic as-prepared MnO NPs (covered with hydrophobic myristic acid)
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are well-dispersed in octane.
According to precedent studies done by Deacon and Philips, it is
known that bridging (or bridging bidentate) mode and free ion have similar
frequency separation of carboxylate’s symmetric and antisymmetric vibration
by yielding the equivalence of the two C-O bonds.54-58 However, the
unidentate mode removes that equivalence and further the coupling of C-O
bond is weaken leading to the decrease of symmetric frequency and increase
of antisymmetric frequency. (Figure 3.10) 54-58
In order to compare EDTA-functionalized MnO NPs and CaEDTAfunctionalized MnO NPs more quantitatively for finding the location of
calcium ion in the system, FT-IR data was first normalized with the vasym(CH3)
peak, at 2955cm-1. Herein, the assumption is that the ratio of EDTA to
myristic acid is same in EDTAMnO NPs and CaEDTAMnO NPs since
CaEDTAMnO NPs were synthesized from the same EDTAMnO as source.
The vibrations at 1591.94 cm-1 and 1411.43 cm-1 in the EDTAMnO
spectra are vasym and vsym of COO- with frequency separation of 180.51 cm-1
(Figure 3.12, black star). The vibrations at 1597.12 cm-1 and 1412.20 cm-1 in
the CaEDTAMnO spectra are vasym and vsym of COO- with frequency
separation of 184.9 cm-1 (Figure 3.12, blue star). The second major peak in the
CaEDTAMnO spectra at 1610.68 cm-1 and 1398.90 cm-1 refers to vasym and
vsym of COO- with frequency separation of 211.78 cm-1 (Figure 3.12, blue
circle). The smallest split peak in the CaEDTAMnO spectra at 1569.74 cm-1
and about 1412.20 cm-1 refers to vasym and vsym of COO- with frequency
separation of 157.54 cm-1 (Figure 3.12, blue cross).
In this regard, we can conclude that EDTAMnO NPs show the
frequency separation of COO- as 180.51 cm-1 whereas CaEDTAMnO NPs
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have 184.9 cm-1 as a major peak, 211.78 cm-1 as a second major, and 157.54
cm-1, the smallest portion. Besides, to confirm the location of calcium ion in
this system, CaEDTA-functionalized MnO NPs, an additional FT-IR analysis
of molecular chelate Na2[CaEDTA] was performed: The vibrations at 1597.12
cm-1 and 1411.81 cm-1 in the Na2[CaEDTA] spectra are assigned to vasym and
vsym of COO- with frequency separation of 185.31 cm-1(Figure 3.13).
Unlike general transition metals, it is reported that calcium ion can
also chelate with EDTA in a bridging mode via the oxygen atom of
carboxylate group of EDTA (Figure3.14).59 Also, given the crystallographic
study of Na[Ca(NTA)], which is a similar EDTA derivative complex, sodium
ion is known to bridge Ca(NTA)- via oxygen in the carboxyl group.59
Therefore, Na2[CaEDTA] complex is considered to have carboxylate bridge
that bind both calcium ion and sodium ion, leading to a formation of ‘pseudobridge’.
In relating the previously mentioned characteristics of unidentate and
bridge mode, also it seems clear that pseudo-bridge mode reduces the
equivalence of the two C-O bonds in a carboxyl group slightly more than
normal bridge mode, resulting in a slight increase in the frequency separation
of COO-. Furthermore, the experimental evidence of COO- frequency
separation of Na2[CaEDTA] seems to support the existence of pseudo-bridge
between sodium and calcium ions and 185.31 cm-1 may be assigned to the
pseudo-bridge mode Ca-carboxylate-Na. On the contrary, in the FT-IR spectra
of EDTAMnO NPs, 180.51 cm-1 was obtained as the frequency separation of
COO- which is smaller than the pseudo-bridge mode, 185.31 cm-1, and
therefore the value could be assigned to bridge mode. In the same manner, the
major frequency separation of COO- in CaEDTAMnO NPs, 184.9 cm-1, is
46

regarded as the pseudo-bridge of Ca-carboxylate-Mn, the second major peak,
211.78 cm-1, as unidentate , and 157.54 cm-1, the smallest, as bidentate.
Therefore, it is verified that CaEDTAMnO NPs are composed of various
states of carboxylates.
Additionally, in revealing the local structure on the surface of
CaEDTA-functionalized MnO NPs, a study on the binding of nitrogen need to
be conducted; because a lone pair of nitrogen in the tertiary amine in EDTA
molecule prefers to bind metal to reduce the thermodynamic energy. Also, as
previously mentioned, the C-N bending vibration δ(C-N) is an indicator of

complexation.51,52 First, it was signified that bare EDTA molecule have
vibration of C-N bond at 1134.6 cm -1 (Figure 3.15). In the complexation with
calcium and sodium, Na2[CaEDTA], a new peak at 1115.7 cm

-1

appears due

to a chelation of nitrogen to calcium. In manganese oxide nanoparticles
system, C-N vibration frequencies of EDTAMnO and CaEDTAMnO NPs are
shifted comparably to 1105.2 cm -1 and 1106.9 cm -1, respectively. Regarding
that a chelation with a metal with higher electronegativity shifts a vibrational
peak in FT-IR spectra in the lower wavenumber direction,51,52 the nitrogen in
the EDTA molecule is considered to bind with manganese ion on the surface
of manganese oxide nanoparticles rather than binding with calcium ion.
Overally, the local structure on the surface of CaEDTAMnO NPs can
be proposed as Figure 3.16. Calcium ion and manganese ion are thought to
form pseudo-bridge as a major state, the same state of carboxylate in the OEC
in nature,60 and nitrogen atoms are expected to chelate to manganese (Figure
3.16). It is noteworthy to mention that some carboxylate groups of EDTA may
have another binding mode such as unidentate and bidentate as a mixture.
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3.9

The

Fourier-Transformation

(FT)-IR

spectra

of

EDTAMnO, CaEDTAMnO, and Myristic acid MnO
The Asymmetrical stretching peak of COOM (M refers to metal) near
-1

1600cm of EDTAMnO and CaEDTAMnO NPs increased after ligand
exchange reaction due to four carboxylic acid groups per an EDTA
molecule.
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-

Figure 3.10 FT-IR of COO groups: frequency separation between
−

the COO antisymmetric and symmetric stretching vibrations 57
The symmetric stretching frequency of carboxylate group decreases and
the antisymmetric stretching vibration frequency increases in unidentate
binding mode. In bidentate binding mode, it is the reverse. Ionic state and
bridging mode have similar frequency separation, as well as pseudobridging modes. Reproduced from [57].
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Figure 3.11 CH2 and CH3 stretching spectra (FT-IR)
EDTAMnO and CaEDTAMnO NPs are shown to have un-removed
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Figure 3.12 FT-IR spectra of CaEDTAMnO and EDTAMnO NPs after
-1

normalization at vasym (CH3) The vibrations at 1591.94 cm and 1411.43
-

-1

cm in the EDTAMnO spectra are vasym and vsym of COO with frequency
-1

-1

separation of 180.51 cm (black star). The vibrations at 1597.12 cm and
-

-1

1412.20 cm in the CaEDTAMnO spectra are vasym and vsym of COO with
-1

frequency separation of 184.9 cm (blue star). The second major peak in
-1

-1

the CaEDTAMnO spectra at 1610.68 cm and 1398.90 cm refers to vasym
-1

-

and vsym of COO with frequency separation of 211.78 cm (blue circle).
-1

The smallest split peak in the CaEDTAMnO spectra at 1569.74 cm and
-1

about 1412.20 cm

-

refers to vasym and vsym of COO with frequency
-1

separation of 157.54 cm (blue cross).
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Figure 3.13 FT-IR spectra of Na2[CaEDTA]
-1

-1

The vibrations at 1597.12 cm and 1411.81 cm in the Na2[CaEDTA]
-

spectrum are vasym and vsym of COO with frequency separation of 185.31
-1

cm .
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Figure 3.14 Coordination and ligand geometry for Ca(CaEDTA) 59
The oxygen in the carboxylate group of EDTA molecule can bridge
calcium ions.
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Figure 3.15 FT-IR Analysis :The vibration of C-N bond
-1

Bare EDTA molecule have vibration of C-N bond at 1134.6 cm . In the
complexation with calcium and sodium, a new peak at 1115.7 cm

-1

appears

due to a chelation of nitrogen. In manganese oxide nanoparticles system, C-N
vibration frequencies of EDTAMnO and CaEDTAMnO NPs are shifted
comparably to 1105.2 cm

-1

-1

and 1106.9 cm , respectively.
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Figure 3.16 Proposed local structure of CaEDTAMnO NPs
Calcium ion and manganese ion are thought to form pseudo-bridge and
nitrogen atoms are expected to chelate to manganese.

55

3.2 Characterization of Electronic Structure

3.2.1 Multi-frequency EPR

Electron Paramagnetic Resonanace (EPR) analysis was conducted in
order to obtain information of the electronic structure of manganese. The EPR
spectra of a system can be described with the spin Hamiltonian written as
below;

=

∙ ∙ + ∙ ∙ + ∙ ∙

β : Borh magneton

: Externally applied magnetic field

: Electronic Zeeman tensor
: Zero-Field Splitting tensor
: Nuclear hyperfine tensor
, I : Electronic spin, Nuclear spin operators

As shown in the above equation, interactions measured by EPR
includes electron Zeeman interaction (interaction of the spin with the applied
field), Hyperfine and superhyperfine interactions (electron spin-nuclear spin
interaction), and spin-spin interaction (zero field splitting) from the left term
to the right, sequentially.61 Among these terms, the left term that relates
external magnetic field is the only part which is magnetic field dependent.
The rest of them are magnetic field independent. Therefore, by using different
frequencies, Xband (~9.5 GHz) and Wband (~95GHz), we can emphasize or
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reduce the effects of the magnetic field dependent and independent terms
resulting in better understanding of electronic structures.61
As a control, myristic acid MnO NPs was measured by CW-Xband
EPR and showed sextet EPR signals around g = 2 (3400G), which arise from
the central EPR transition (selection rule of △MS =±1, △MI = 0) of the highspin (S =5/2) Mn2+ split by the hyperfine interaction with the I = 5/2 55Mn

nucleus,61 and no special distortion in the electronic structure of manganese
cation was observed (Figure 3.17). The CW-Xband EPR spectrum of
CaEDTA-functionalized

MnO

NPs

(bottom,

Figure

3.18)

includes

conventional Mn2+ hyperfine splitting pattern at g = 2 and indicates a distorted
electronic structure of manganese center at g ~ 4 as a half-field transition
pattern.62 Also, in the range where g-value have 2 < g < 4 and g < 2, bumps
are observed.

Additionally, EDTA-functionalized MnO NPs was evaluated;

EDTAMnO NPs signify conventional Mn2+ with marginal bumps in the region
of 2 < g < 4 and half-field transition (top, Figure 3.18). Therefore, it can be
concluded that the bumps in the range of 2 < g < 4 and g < 2 increased as
calcium ions are inserted to EDTA-functionalized MnO NPs (Figure 3.18).
For further simulation, CW-Wband EPR spectra of CaEDTAMnO NPs was
measured at 20 K, 94.00063 GHz and six hyperfine splitting pattern for Mn2+
was observed (Figure 3.19).
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Intensity (A.U.)

Figure 3.17 CW-Xband EPR spectra of Myristic acid MnO (asprepared MnO) NPs
Myristic acid MnO nanoparticles show six hyperfine splitting peaks which
are typical in EPR spectrum of Mn

2+

and no special distortion in the

electronic structure of manganese cation was observed.
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Intensity (A.U.)
Intensity (A.U.)

Figure 3.18 CW-Xband EPR spectrum of EDTAMnO(top) and
CaEDTAMnO(bottom) NPs CW-Xband EPR spectra of CaEDTAMnO
2+

NPs (bottom) includes conventional sextet Mn hyperfine splitting pattern
at g = 2 and indicates distorted coordination of manganese at g ~ 4 as a
half-field transition pattern. The bumps in 2 < g < 4 and g < 2 increased as
calcium ions are inserted to EDTAMnO NPs. EDTAMnO NPs(top) signify
conventional Mn

2+

with marginal bumps in the region of 2 < g < 4 and

half-field transition.
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Figure 3.19 CW-Wband EPR spectra of CaEDTAMnO NPs
CW-Wband EPR spectra of CaEDTAMnO NPs was measured at 20K for
further multi-frequency EPR simulation.
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3.2.2 Non-Curie Behavior (Magnetic Coupling Effect)
In order to get further insight of CaEDTAMnO NPs, CW-Xband EPR
temperature dependency experiment and SQUID analysis were additionally
conducted. Temperature dependency was investigated at 5 K, 10 K, 20 K, 30
K, 40 K, 50 K, and 100 K at 0.46 mW in CW-Xband EPR (top, Figure 3.20).
The temperature dependence of the g = 2.0 EPR signal was evaluated by
plotting signal amplitude and reciprocal temperature, applying an equation of
as below;63

Curie-Weiss law written

Herein, the amplitudes of the g = 2.0 signals were measured as peakto-trough differences; 3189-3210, 3234-3298, 3322-3392, 3417-3488, 35173589 G, and CaEDTA-functionalized MnO NPs showed non-curie behavior
(bottom, Figure 3.20).
An EPR analysis of engineered bacterioferritin with di-nuclear
manganese center (upper left, Figure 3.21) shows the non-Curie temperature
dependence and suggests an even spin antiferromagnetically coupled Mn2+ Mn2+ dimer (lower left, Figure 3.21).64 The exchange coupling between two
manganese cations was considered to be small and the EPR simulation
parameters were applied as below; the exchange constant J=0.9 cm-1, D1
=0.104 cm-1 , E1/D1=0.33, D2 =0.014 cm-1, and E2/D2=0.1 (right, Figure
3.21) .64
Therefore, by the EPR temperature dependency experiment, we could
deduce that manganese are magnetically interacting in CaEDTAMnO NPs.
Also, CaEDTAMnO showed non-Curie behavior in SQUID field cooling
mode which indirectly refers to magnetic interaction between manganese ions
61

regarding the atomic level of the presence of calcium ion (Figure 3.22).
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Figure 3.20 Temperature dependent CW-Xband EPR spectra of
CaEDTAMnO NPs Temperature dependency was investigated at 5 K, 10
K, 20 K, 30 K, 40 K, 50 K, and 100 K at 0.46mW in CW-Xband
EPR(top). The temperature dependence of the g=2.0 EPR signal was
measured by plotting signal amplitude and reciprocal temperature. The
amplitudes of the g=2.0 signals were measured as peak-to-trough
differences; 3189-3210, 3234-3298, 3322-3392, 3417-3488, 3517-3589G.
CaEDTAMnO NPs showed non-curie behavior which indicates magnetic
interaction between manganese ions.
63

Figure 3.21 Temperature dependency of CW Xband spectra of dinuclear manganese center in an engineered bacterioferritin 64
An EPR analysis of engineered bacterioferritin with di-nuclear manganese
center (upper left) shows the non-Curie temperature dependence and
2+

suggests an even spin antiferromagnetically coupled Mn

2+

- Mn

dimer

(lower left). The exchange coupling between two manganese cations was
considered to be small. EPR simulation parameters were applied in the
-1

-1

precedent study as below; exchange constant J=0.9 cm , D1 =0.104 cm ,
-1

E1/D1=0.33, D2 =0.014 cm , and E2/D2=0.1.
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Figure 3.22 SQUID analysis of CaEDTAMnO NPs (Field Cooling)
CaEDTAMnO shows non-Curie behavior in SQUID field cooling mode
which refers to magnetic interaction between manganese ions.
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3.2.3 Simulation of EPR Signal

Oxalate Decarboxylase is known to be composed of six dimeric
peptide-manganese unit (left, Figure 3.23).62 Christopher H. Chang et al. have
reported X-band EPR spectra of Oxalate Decarboxylase as shown in Figure
3.23.62 The dark bold line in the EPR spectra refers to a simulation result
realized with parameters as below; giso = 2.0034, D = 0.023 cm-1, and a 100 G
Gaussian line width without hyperfine interaction. Interestingly, the axial zero
field splitting parameter D is much bigger than typical Mn2+ 0.014 cm-1 and
the physical meaning is that the manganese electronic structure is distorted in
the axial direction.
Inspired by Oxalate Decarboxylase which contains six units of dimanganese centers, the simulation was conducted to fit both CW-Xband EPR
and Wband EPR spectra in the perpendicular mode where we observe the
Mn2+. Prior to conduct the simulation, an assumption was included; there are
two types of manganese ions in CaEDTAMnO NPs, one which is affected by
calcium or any environment and the other that is not affected.
The simulation was conducted with two components with parameters as
below (Figure 3.24); g1(Ca2+affected Mn2+) : g=[2.00 1.994 2.0036], A=[0.009
0.008

0.0085]cm-1,

D=[0.023]

cm-1,

E/D

~0

and

g2(conventional

Mn2+) :g=[2.00 2.00 2.00], A=[0.009 0.009 0.009] cm-1, D=[0.014] cm-1,
E/D=0.36 inspired by Oxalate Decarboxylase in nature without any
consideration of exchange coupling.
Given the degree of fitting in the simulation and the presence of
magnetic coupling shown in the previous sub-chapter, exchange coupling
needs to be considered. Regarding various kinds of Mn2+ - Mn2+ dimer
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complexes that have been previously reported, it can be concluded that the
exchange coupling or interaction between manganese ions can be strong or
weak, or can have wide range of exchange coupling constant, depending on
the electron density of metal ion and the angle of Mn-bridge-Mn.65,66 It is also
known that typical Mn2+ - Mn2+ dimer that is a coupled system of manganese
ions has 11-hyperfine splitting spectrum rather than conventional 6-hyperfine
splitting of Mn2+.67,68 However, there are several examples of Mn2+ - Mn2+
dimer complexes to have broad peak in the range where g-value is slightly
above 2 rather than 11-hyperfine splitting pattern.69,70 Moreover, some
simulation studies on EPR spectra of manganese system proposed that weak
magnetic coupling yields a broad bump where g-value is slightly above 2.71,64
In nature, there are many manganese-related protein and one example is
introduced in this thesis (Figure 3.25).71 Manganese transport regulator (MntR)
handles metal ion homeostasis and forms MntR∙Mn2+ in mediating the
removal of toxic metals. In this example, the exchange constant was
considered as a weak interaction between two Mn2+ ions and the exact
simulation parameters for two Mn2+ ions are applied as below; J = -0.2 cm-1 (2JS1∙S2), S = 5/2, I = 5/2, A = 250 MHz, D =0.04 cm-1 , E/D = 0.21, rMnMn =
4.4 Å, rɵ

= 45° (Figure 3.25).71 What can be learnt from this example is that

when D is much bigger than the conventional D 0.014 cm-1 of Mn2+ as 0.04
cm-1 , the small exchange constant (J) around 0.2 cm-1 would not produce 11hyperfine.
Therefore, with all information given in this thesis, it is likely that
CaEDTA-functionalized MnO NPs have axially distorted electronic structure
of manganese (D ~ 0.023 cm-1) and at the same time exchange coupling exists.
Further study to confirm the exact value of exchange coupling constant is
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required, but the constant is expected to be smaller than 1 cm-1.

Figure 3.23 CW-Xband EPR spectra of “Oxalate Decarboxylase”:
Oxalate Decarboxylase (left) and CW-Xband EPR spectra (right) 62
Oxalate Decarboxylase is composed of six dimeric peptide-manganese
unit. Dark bold line in the EPR spectra refers to a simulation result realized
-1

with parameters as below; giso = 2.0034, D = 0.023 cm , and a 100 G
Gaussian line width without hyperfine interaction. Reproduced from [62].
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Figure 3.24 Simulation of EPR signal inspired from Oxalate
Decarboxylase: CW-Xband (top) and CW-Wband (down) : no
exchange coupling considered The simulation was conducted with
2+

2+

parameters as below; g1(Ca affected Mn ): g=[2.00 1.994 2.0036],
A=[0.009 0.008 0.0085] cm-1, D=[0.023] cm-1, E/D ~ 0 and
2+

g2(conventional Mn ) :g=[2.00 2.00 2.00], A=[0.009 0.009 0.009] cm-1,
D=[0.014] cm-1, E/D=0.36 inspired by Oxalate Decarboxylase in nature
without any consideration of exchange coupling.
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2+ 71

Figure 3.25 Simulation of CW-Xband EPR spectra of MntR∙Mn

2+

Exchange constant was considered as a weak interaction between two Mn
2+

ions. Exact Simulation parameters for two Mn ions are applied as below:
-1

-1

J = -0.2 cm (-2JS1∙S2), S = 5/2, I = 5/2, A = 250 MHz, D =0.04 cm , E/D
= 0.21, rMnMn = 4.4 Å, rɵ = 45°
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Chapter 4. Effects of Redox-inactive Metals on
Surface-Functionalized Mn Oxide NPs
In a way to study the role of calcium to change the physical property
of EDTA-functionalized MnO NPs and further extend the application, various
redox-inactive metals were screened in EDTA -functionalized MnO NPs
2+

2+

2+

2+

system; Ba , Sr , Ca , and Mg
3+

2+

2+

(more Lewis basic than Mn ), Zn ,
2+

3+

Yb ,and Y (more Lewis acidic than Mn ).

4.1 Electronic Structural Change in Mn Oxide NPs
In the CW-Xband EPR spectra of Ba2+ , Sr2+ , Ca2+ , and Mg2+
inserted EDTAMnO NPs, they shows similar signal with CaEDTAMnO NPs
(Figure 4.1). Likewise, it is considered that Ba2+ , Sr2+ , Ca2+ , and Mg2+ (more
Lewis basic than Mn2+) inserted EDTAMnO NPs have axially distorted
manganese structure (D ~ 0.023 cm-1 ) and at the same time exchange
coupling exists.
On the contrary, Zn2+, Yb3+ , Y3+ shows conventional Mn2+ signal in
perpendicular EPR spectra (Figure 4.2). Interestingly, in case of Zn2+, Yb3+ ,
and Y3+ (more Lewis acidic than Mn2+) inserted EDTAMnO NPs, six
hyperfine splitting peaks assigned to Mn3+ were observed, even though the
position is not the conventional Mn3+ position implying another change in
electronic structure of manganese.
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Figure 4.1 CW-Xband EPR spectrum of “Lewis basic” redox-inactive
metal inserted EDTAMnO group
Ba

2+

, Sr

2+

, Ca

2+

2+

, Mg

2+

(more Lewis basic than Mn ) metals shows

similar EPR signal with CaEDTAMnO NPs.
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sFigure 4.2 CW-Xband EPR spectrum of “Lewis acidic” redoxinactive metal inserted EDTAMnO group
2+

3+

2+

3+

Zn , Yb , Y (more Lewis acidic than Mn ) shows conventional Mn

2+

signal in perpendicular EPR spectrum. In parallel mode, six hyperfine
+3

splitting peaks of Mn

shifted to a smaller g-value implying a change in

electronic structure of manganese.
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4.2 Change of Redox Property in Mn Oxide NPs
For additional investigation to the effect of hetero-metal on the
physical property of manganese in EDTAMnO NPs, electrochemical analysis
was conducted; cyclic voltammetry (Figure 4.3). First, the potential in x-axis
was manipulated by iR compensation. Then, the curves were normalized
vertically at the redox peak at ~1.1 V (vs. NHE) for comparison.
Since all metals inserted to EDTAMnO NPs are redox-inactive, we
can conclude that all the redox peaks in Figure 4.3 are redox peaks from
manganese. Regarding that all samples have a peak at around 1.1V and that
peak remains in the second cycle, it is credible that it is from the core of
nanoparticles. However, it is likely that the other peak at a potential smaller
than 1.1 V assigned to the oxidation of surface, which we discuss herein.
Redox peaks of manganese showed a distinctive tendency depending
on Lewis acidity. In the CV curves of Ba2+ , Sr2+ , Ca2+ , and Mg2+ (more
Lewis basic than Mn2+) EDTAMnO NPs, the smaller Lewis acidity each metal
has, the higher redox potential it has. Seemingly, a metal with higher electrondonating ability hinders the oxidation of manganese to a higher valence more.
Interestingly, in case of Zn2+, Yb3+, and Y3+, the tendency applied in
the more Lewis basic group should not be applied. In consideration of CWXband EPR spectra of Zn2+, Yb3+, and Y3+EDTAMnO NPs, which we could
observe Mn3+ in parallel mode, we propose the possibility that Zn2+, Yb3+ , Y3+
may have brought electron from Mn2+ yielding Mn3+ while Ba2+ , Sr2+ , Ca2+ ,
and Mg2+ prevents the oxidation of Mn2+ ;and therefore the CV trend in the
more Lewis basic group cannot be matched in this group.
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2+

2+

Figure 4.3 Electrochemical analysis: Cyclic voltammetry: Ba , Sr ,
2+

2+

2+

2+

3+

3+

Ca , Mg (more Lewis basic than Mn ) (top) Zn , Yb , Y (more
2+

Lewis acidic than Mn ) (bottom)
Potential in x-axis was manipulated by iR compensation. Redox peaks of
manganese showed a distinctive tendency depending on Lewis acidity.
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Chapter 5. Conclusion
The Calcium EDTA chelates were functionalized on the manganese
oxide nanoparticles in order to change the electronic structure of manganese
and further broaden the applicability as catalyst. The FT-IR spectroscopy
verified the removal of myristic acid, the original ligand of manganese oxide
nanoparticles, and successful ligand exchange to Ca-EDTA chelates. Also,
based on the stretching vibration of COO- and bending vibration of C-N bond,
calcium ion and manganese ion are suggested to form pseudo-bridge as a
major state and the nitrogen atoms are expected to chelate to manganese on
the surface of manganese oxide nanoparticles. Some carboxylate groups of
EDTA are considered to have another binding modes such as unidentate and
bidentate as a mixture. In this regard of local structure, further interpretation
of electronic structure of calcium EDTA chelated manganese oxide
nanoparticles was conducted by EPR analysis. By the additional simulation,
the influenced manganese ions are verified to have high axial zero-fieldsplitting (D ~ 0.023 cm-1) compared to conventional Mn (II) (D = 0.014 cm-1)
as well as weak exchange coupling between manganese ions (J below 1 cm-1),
supporting the result from temperature dependency analysis of EPR and
SQUID.
In summary, herein, a “new approach” to decorate heterogeneous
catalyst, MnO NPs, with redox-inactive metal chelates (Ca-EDTA as a
representative) on the surface and change the electronic structure of
manganese was suggested, for the first time to my best knowledge. Also,
redox-inactive metal chelates are signified to be able to increase exchange
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coupling effects between Mn(II) species depending on the Lewis acidity.
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Study on the Electronic Structure
Control of Mn Oxide Nano-catalysts
by Surface Functionalization
망간 산화물 나노 촉매의 표면 기능화를 통한
전자구조 제어 연구
고 유 경
서울대학교 대학원
재료공학부

자연계는

망간이

가지고

(redox-active)을

기반으로

발전시켜왔다.

중에서

그

있는

다양한

좋은

산화환원

반응성

종류의

망간계열

효소를

다핵성(multinuclear)

망간

효소는

구조체를 이루는 망간간의 유기적인 협동 효과로 반응을 매개할 때
높은 성능을 보이는 것으로 알려져 있다. 흥미롭게도, 이러한
관점에서 식물의 엽록소 광계 II에서 물을 분해하는 광합성 촉매인
망간 칼슘 클러스터(Mn4CaO5)는 지금까지 보고된 모든 물 분해
촉매 중에서 가장 효율이 좋다고 알려져 있다. 이 자연계 망간 칼슘
클러스터에서 영감을 받아서, 망간의 전자구조를 바꾸고 나아가서
차후의 촉매로서의 활용 가능성을 넓히려는 목표를 가지고, 칼슘EDTA 착물을

망간

산화물

나노 입자 위에 구현하였다. 위

연구에서, FT-IR 분광법을 통해 본래 망간 산화물 나노 입자를
둘러싸고

있는

미리스틱산

리간드가

칼슘-EDTA

착물로

성공적으로 치환되었음을 확인할 수 있었다. 더하여, EDTA분자의
87

카르복실기와 탄소-질소 결합의 진동 파수에 대한 분석을 통하여
망간 산화물 나노 입자의 표면 위의 국소 구조를 제시할 수
있었으며

제안된

구조는

다음과

같다.

EDTA

분자

내의

카르복실기는 주로 칼슘과 망간 이온이 카르복실기가 매개하는
슈도-브릿지(pseudo-bridge)로

결합되어

존재하고,

비공유

전자쌍을 가지고 있는 질소는 망간 산화물 나노입자 표면에서
망간과

결합하고

있다.

유니덴테이트(unidentate)와

부분적으로

카르복실기

일부는

바이덴테이트(bidentate)

형태로

혼합되어 존재하는 것으로 생각된다. 또한, 칼슘-EDTA 착물이
표면에 존재하는 망간 산화물 나노 입자에서 망간의 전자 구조에
대한 분석이 EPR을 통해 이루어졌으며, 칼슘의 영향을 받은 망간은
일반적인 망간(II)과 다르게 D=0.014 cm-1 에서 D ~0.023 cm1

로 D 값이 커지는 것을 확인할 수 있었다 (D: Axial Zero-Field-

Splitting 매개변수). 뿐만 아니라 다양한 온도에서 EPR 분석한
결과와 SQUID 분석을 통하여 망간과 망간 사이에서 약한 교환
커플링 (exchange coupling)이 존재하는 것을 제안할 수 있었다.
본

연구에서

리간드

장에서

망간의

세로축

방향으로

나타나는 전자구조 뒤틀림 현상과 망간 사이의 약한 교환 커플링을
포함하는 망간의 전자 구조의 변화를 관찰한 결과는 헤테로 촉매를
개발하는 새로운 모델을 제시할 수 있으며 나아가서 자연계의 망간
칼슘 클러스터에서 칼슘의 역할을 깊게 이해하는데 도움을 줄 수
있을 것이라고 생각 된다.
주요어: 산화환원 비활성 금속, 칼슘 이온, 교환 커플링, 제로-필드스플리팅, 에틸렌다이아민테트라아세틱에시드 (EDTA), 망간 산화물
나노 입자
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