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Element 25 — Manganese
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This essay in a series being published in the Australian Journal of Chemistry concerns this author’s
favourite element, manganese. I was introduced to the chemistry of manganese when undertaking
postdoctoral work with George Christou at Indiana University. My first reaction involved the
disproportionation of manganese(VII) and manganese(Il) to give a trinuclear manganese(III)
complex. This one reaction encompasses several of the most appealing aspects of inorganic
chemistry — the redox chemistry of metals that exist in multiple oxidation states, the change in a
metal ion’s properties upon changing the number of valence electrons, the beautifully symmetric

structures of polynuclear metal complexes and, of course, the colours!

There is evidence of the most common manganese-containing mineral, pyrolusite (MnO2), being
used in pigments in early stone age cave paintings. The same mineral has been used to control the
colour in glass making since ancient Egyptian times. Interestingly this use comprises action as
both a decolourising agent, though oxidation of other species, and as a colourant. In 2019, of the
over 20 million tonnes of manganese will be used industrially worldwide, with an estimated 85-
90 % employed in steel manufacture. Other industrial uses include incorporation into other alloys,
particularly with aluminium and copper, and the employment of manganese dioxide as a cathode

material in zinc-carbon and alkaline batteries. In biology, manganese is an essential trace element
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for all known living organisms.!!! Manganese(II) ions are integral to many enzyme cofactors and
manganese plays the role of redox centre in a number of enzymes, including mitochondrial
superoxide dismutase. However, perhaps the most significant role of manganese in life on earth
is in the oxygen-evolving (OEC), or water-oxidation (WOC), complex of photosystem II. Again,
it is the redox properties of manganese that allow the polynuclear manganese-containing active
site to oxidise water to dioxygen in the photosynthetic reaction in cyanobacteria, algae and higher

plants.

Historically, the name manganese arises from the region of Magnesia in central Greece, where
several brown/black-coloured minerals were found, including pyrolusite. The region also gave its
name to magnesium and the iron ore magnetite. In the 1700s, the ore pyrolusite was used by
alchemists in Europe for bleaching glass and by the later 1700s there was a view that this mineral
contained an as yet unknown metal.””) In 1774, Swedish chemist Carl Wilhelm Scheele described
the formation of the new element chlorine from the reaction of pyrolusite with hydrochloric acid.
In the same year, his fellow Swede, Johan Gottlieb Gahn, succeeded in producing a sample of
impure manganese metal by reducing the manganese(IV) in the mineral by heating powdered
pyrolusite with charcoal in oil. At the time of Mendeleev’s periodic table in 1869, manganese was
properly placed in Group 7, although its heavier congeners, technetium and rhenium, were yet to

be discovered.

Manganese constitutes roughly 0.1 percent of the Earth’s crust, making it the 12th most abundant
element and the 3rd most abundant transition metal (after iron and titanium). Over 300 different

ores are known, containing manganese in the +2, +3 and +4 oxidation states. Some of the



commercially most important ores are pyrolusite, rhodochrosite (MnCO3), hausmannite (Mn30Os4),
braunite (Mn7SiO12) and psilomelane ((Ba,H20)2Mns010). Manganese generally comprises 25-45
wt% of these ores. Four countries dominate the world manganese market and possess over 90 %
of proven reserves: South Africa, Australia, China and Gabon. In Australia, the economic
demonstrated manganese resources are in Western Australia and the Northern Territory.
Manganese is also found in the form of manganese nodules on deep-ocean seabed,”! including the
Cape Leeuwin field off Western Australia.l¥) These Manganese and iron oxide mineral deposits
are formed on, or just below, the sediment-covered sea surface by accretion of oxide layers around
anucleus. Nodules can exhibit various shapes but commonly range in size from 1-12 cm diameter.
Notable are cone- or pyramid-shaped nodules, which appear to have been seeded by shark teeth.
The nodules typically have three to six times more manganese than iron and manganese
concentrations can be greater than 30 wt %. Such high potential ore grades have sparked an
incredible amount of interest in mining manganese nodules, although their extraction has yet to

prove economically viable and the related environmental considerations are significant.

Although first isolated in 1774, pure samples of elemental manganese were not accessible until
the 1930s, following the development of a purification method involving electrolysis of manganese
sulphate obtained by leaching manganese from ore with sulphuric acid. For incorporation into
steel, the manganese ore is mixed with iron ore and carbon, and then reduced either in a blast
furnace or in an electric arc furnace. The resulting ferromanganese alloy can have a manganese
content of 30 to 80% and is then employed in steel manufacture to allow precise control of the

amount of manganese that is incorporated.



There are four known allotropes of manganese; the form stable at room temperature is referred to
as a-manganese.! The structure of the a.-form is more complex than that of the other 3d metals,
comprising a body centred cubic unit cell with 58 Mn atoms of four distinct types. The magnetic
behaviour of manganese also differs from that of its 3d neighbours. At room temperature o.-
manganese is paramagnetic, undergoing a transition to a complex noncollinear antiferromagnetic
phase at a Néel temperature of 95 K.[®) Manganese metal is silver-grey in colour. It is hard, brittle

and easy to oxidise.

Manganese heads group 7 in the periodic table, marking the end of the early versus late 3d
transition elements. It is more electropositive than its neighbours and generally more reactive.
Inspection of many of the physical properties of the 3d transition metals reveals that local minima
(melting point, boiling point, enthalpy of atomisation) or maxima (metallic radius) occur for
manganese. These features arise from the large exchange energy associated with the 4s?3d°
valence electronic structure and the resulting non-Aufbau configuration of the metallic band
structures, resulting in weaker metallic bonding than for neighbouring metals. The most readily-
available states of manganese are +2, +3, +4, +6, and +7, though all oxidation states from —3 to
+7 have been observed. This redox versatility arises from the large number of valence d electrons
with orbital energies not yet below those of inert electron core. Many d electrons are available for
bonding in manganese, affording very high oxidation states following the loss of d electrons, but
also allowing m back bonding to stabilise low oxidation states. It is in fact the accessibility of
numerous oxidation states that is key for many of the applications of manganese. The most stable
oxidation state for manganese is +2 and in aqueous solution, the chemistry of manganese is
P

dominated by the pink-coloured aqua ion [Mn(OHz)s]”" in acidic and neutral solution. Divalent



manganese ions are labile and often compete with the similar sized Mg** ions in biological
systems. The other very well-known manganese complex ion is the permanganate [MnO4]
oxoanion, incorporating high oxidation state manganese(VII). Available in neutral to alkaline
solution, this tetrahedral ion is stabilised by m-donor oxo ligands. It has a characteristic purple
colour and is used as an oxidant for purifying drinking water and in redox titrations

(permanganometry) for analytical purposes.

By far the largest application for manganese is as an additive to steel to increase hardness, as well
as act as an oxygen/sulphur scavenger. Most steels contain 0.15 to 0.8% manganese and high
strength alloys often contain 1 to 1.8% manganese. At about 1.5% manganese content, the steel
becomes brittle, and this trait increases until about 4 to 5% manganese content is reached, although
further increase in the manganese content will increase both hardness and ductility. Most notably,
mangalloy, also called manganese steel or Hadfield steel, is an alloy steel containing an average
of around 13% manganese. Mangalloy was created by Robert Hadfield in 1882 and achieved
commercial success as the first alloy steel to exhibit behaviour radically differing from carbon
steel. Mangalloy has very high impact strength and resistance to abrasion once in its work-
hardened state and is employed when resistance to severe mechanical shock and wear is required.
As well as increasing the hardness of steel, manganese also plays a critical role as a scavenger.
Manganese can scavenge sulphur to reduce undesirable brittleness, forming stable, high-melting
manganese sulphide particles. It can also react with oxygen to prevent the formation of bubbles

and pin holes and enhance corrosion resistance.



In biology, dioxygen is essential to all higher life forms, making the OEC of photosystem II, one
of nature's most important catalysts. The OEC is an oxo-bridged {MnsCaOs} coordination cluster
comprised of four manganese ions of varying oxidation state and one divalent calcium ion (Figure
1)."# The mechanism of water oxidation is yet to be fully elucidated, but the overall reaction
involves extraction of four electrons and four protons from two molecules of water to generate a
dioxygen molecule. The OEC operates in the photocatalytic Kok cycle (Figure 1), involving
progressive oxidation through four quasi-stable intermediates (S states). The dark-stable resting
state is S1 and the subscripts So through to S; indicate the number of oxidising equivalents stored
within the OEC in each intermediate. Electrons are transferred individually to a tyrosine sidechain
and then to the P680 chlorophyll reaction centre. On removal of the fourth electron, the metastable
S4 state forms, which triggers the concerted water oxidation reaction, releasing dioxygen and
protons and resetting the OEC to the Sy state. The manganese ions in the OEC cycle through the
+3 and +4 valencies, although the exact valencies of the different S states, and the possible

9101 While early structural information on the OEC

protonation of the oxo ligands, are not clear.!
came from X-ray absorption spectroscopic data, the first crystal structure was reported in 2001
with a resolution of 3.8 A.['! Since then, several more structures have been reported of the S; and

12.13] The crystal structures resolved

S5 states, achieving a resolution of 1.9 and 2.25, respectively.!
a long standing debate on the structure of the OEC, revealing that the {MnsCaOs} coordination
cluster is a distorted {Mn3CaO4} cubane with an additional manganese centre linked through a

fifth pr-oxo ligand. The peripheral manganese centre and the calcium are coordinated to substrate

water molecules as aqua ligands, which ultimately react together to evolve a molecule of dioxygen.
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Fig. 1. (Left) Structure of the OEC and coordinating residues from the 1.9 A crystal structure and
computationally optimized for the S; state, color code: Mn (purple), Ca (orange) and O (red);
(Right) The Kok cycle and two possible sets of manganese valencies. Adapted with permission

from references [*] and [°]; copyright Elsevier 2015 and the Royal Society of Chemistry 2015.

Another polynuclear Mn-carboxylate complex has played a significant role in s completely differ
area, the development of the field of molecular magnetism. While the structure of the mixed-
valence Mn(III)/Mn(IV) dodecanuclear complex [Mni2012(OAc)16(H20)4] (Mni2; Figure 2) was
first reported in 1980, it was not until 1993 that evidence was found that this complex exhibits

slow magnetic relaxation.!'*!>!

This "single-molecule magnet" (SMM) behaviour arises from
exclusively molecular properties, which is a very different situation to the long-range magnetic
ordering that is responsible for slow magnetic relaxation in classical magnets. The implication
that arises from slow magnetic relaxation associated with an individual molecule is that a single
molecule can act as the tiniest of magnetic units, potentially serving as the "1" or "0" binary digits
in a computer hard drive to achieve ultra-high-density molecule-based data storage. Moreover,

quantum tunnelling of the magnetisation is also observed for Mnji,, as magnetic-field dependent

steps in the magnetisation hysteresis profile (Figure 2).l'® The superposition of "spin up" and



"spin down" states associated with such quantum tunnelling implies a possible role for Mni>
molecules as quantum bits, which serve simultaneously as the processor and memory of a quantum
computer. 71 Slow magnetic relaxation in SMMs arises from an energy barrier to reversal of the
magnetisation direction. For Mnj; this is due to the large S = 10, giant spin, ground state of the
complex and its easy-axis type of magnetic anisotropy. In turn, the molecular magnetic anisotropy
arises largely from the approximately parallel arrangement of the Jahn-Teller elongation axes of
the eight high spin d* manganese(II) ions in the molecule (Figure 2). Although Mni> has now been
outstripped by SMMs based on lanthanoid(Ill) ions that exhibit slow relaxation above liquid
nitrogen temperatures, approach suitability for real applications, it remains the first identified

SMM and the molecule from which the entire research field arose.
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Fig. 2. (Top) Two views of the molecular structure of [Mni2012(OAc)16(H20)4]; color code:

Mn(IV) (lilac), Mn(IIl) (purple), O (red), Mn(IIl) Jahn-teller elongation axes (bright blue).



(Bottom)  Magnetisation  versus  applied magnetic  field hysteresis plot  for
[Mn12012(OAc)16(H20)4], showing steps at particular field values due to quantum tunnelling.

Adapted with permission from reference ['®], copyright Springer 1996.

While manganese is essential for numerous biological processes, it has been generally rather less
employed in industrial catalytic applications than its neighbours iron and cobalt. One exception is
the well know Jacobsen's catalyst - a N,N'-bis(salicylidene)ethylenediamine (salen) complex of
manganese(I11) that catalyses the homogeneous epoxidation of conjugated alkenes. A second
widely-employed manganese catalyst system is manganese(Ill) acetate for radical-mediated
oxidative cyclisation. Indeed, coordination complexes of relatively high-valent manganese have
been developed to catalyse C-H oxygenations, nitrogenations, and halogenations.!®!

1920 Recently,

Manganese(I)-catalyzed organometallic C—H activations are rarer, but also known.!
manganese(I) carbonyl compounds with PNP pincer ligands have been shown to have notable
activity for homogenous hydrogenation and dehydrogenation catalysis.?!! As for heterogenous
catalysis, manganese-oxides are very promising for the gaseous catalytic elimination of a range of
environmental pollutants. This includes low temperature selective catalytic reduction of NO, with
NHs, the catalytic combustion of volatile organic compounds, mercury oxidation and adsorption,

and soot oxidation.[?>?3!]

Manganese is an abundant metal, readily accessible to natural systems and for human activity. Its
electronic structure affords a redox versatility that is remarkable and key to its role in many

biological systems and industrial applications. In the last couple of years, the scope of manganese-



based catalysis has expanded significantly. There is likely much more to come, given the
increasing urgency of finding alternatives to the rare and expensive platinum group metals. With
global warming and energy production at the forefront of much scientific endeavour, manganese
may also offer advantages as a battery material and important advances in this area should be

expected in the near future.
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