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The electronic structures of manganese oxide minerals
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Abstract

Molecular orbital calculations, using the Xa scattered wave method, were done for the
clusters MnOl,0-, MnO?-, and MnOB- corresponding to Mn2*, Mn3*, and Mna* in
octahedral coordination with O2-. Bond lengths representative of those observed in
manganese oxides were chosen and 05 symmetry was used for each cluster.

The calculated orbital energies and charge distributions are used to describe the nature of
chemical bonding in manganese oxides. Spectroscopic transition energies are calculated
and these are compared with experimental optical, X-ray emission and photoelectron
(Esca) spectra of manganese oxides. The agreement between the calculated and experi-
mental spectroscopic transition energies is fairly good and indicates that isolated clusters
can be used to model the localized aspects of the electronic structure of manganese oxide
minerals.

The electronic structure ofthese clusters can also be related to the crystal chemistry of
the manganese oxides. In spite of radius ratio considerations, Mna* is found to be
considerably more stable in octahedral rather than tetrahedral coordination. This is
demonstrated by comparing the electronic structure of MnOS- with that of a tetrahedral
MnOX- cluster. A large degree of covalency in the MnOS- cluster is consistent with the
strong Lewis acidity of Mna*. In contrast, the bonding in MnOl,O- is mostly ionic. The
calculated exchange splittings of the crystal field orbitals show that low-spin Mn2* should
not exist even under high-pressure, but that low spin Mn3* may substitute for Mna* in
manganese (IV) oxides.

Introduction

In natural environments manganese occurs in the
Mn(II), Mn(III) and Mn(IV) oxidation states. All three
valences form a large number of oxide minerals, ranging
from the simple phases manganosite (MnO), partridgite
(MnzOr) and pyrolusite (MnOJ to complex mixed-va-
lence oxides such as b i rnessi te ( (Ca,Na)(Mnt* ,
Mna* )zo r r '  3H2o)  and  todo rok i t e  ( (Na ,Ca ,K ,
Ba,Mn2*)zMnsOrz . 3HzO) (see, for example, Burns and
Burns, 1977, 1979).

The classical ionic bonding model of Pauling, although
often useful, cannot rationalize all of the observed trends
in the crystal chemistry of these minerals. Many of the
physical properties, crystal-chemical trends and conse-
quent geochemical behavior of manganese oxides can
only be understood in the context ofquantum chemistry.
In this regard, the partially occupied Mn 3d orbitals, the
existence of more than one formal oxidation state of
manganese, and the diverse types of Mn-O and Mn-Mn
interactions give rise to a number of theoretical problems
not associated with other minerals. On a more practical
side, a number ofelectronic spectroscopic techniques are
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of direct mineralogical application to the determination of
cation valence states and coordination environments in
manganese oxides and, in particular, the complex and
poorly crystalline phases in marine manganese oxide
nodules. Such electronic spectra are difficult to interpret,
however, without a theoretical understanding of the na-
ture and approximate relative energies of the electronic
states being investigated. In short, a greater understand-
ing of the crystal chemistry, physical properties and
electronic spectra of manganese oxides requires an un-
derstanding of their electronic structures.

A complete description of the electronic structure of a
mineral can only be achieved using band theory. Howev-
er, the accurate calculation ofelectronic energy bands in
solids with more than a few atoms per unit cell is often
infeasible. In theory, the electronic states of a mineral
must be invariant under the operations of its crystallo-
graphic space group. In practice, one often finds that the
electronic structure of a system is only weakly dependent
upon the translational periodicity of the atomic arrange-
ments. This follows because electrons in solids are gener-
ally localized to small atomic regions. This Iocalized
nature of electrons suggests an alternative, albeit less
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rigorous, approach to investigating the electronic struc-
ture of minerals. Following Tossell and Gibbs (197i), it
shall be referred to as the cluster molecular orbital
method (for a detailed discussion, see Slater, 1974). Here,
the electronic structure of a solid is approximated by that
of a finite cluster of atoms. For example, the electronic
structure of MnO might be approximated by that of an
octahedral MnOlo- cluster. Ideally, the atomic cluster is
large enough to accommodate most of the spatial dimen-
sions over which an electron is delocalized in the solid. In
general, as the atomic cluster becomes infinitely large, its
electronic structure will converge to that of the solid.
However, if the electrons in the solid are fairly localized,
then this convergence limit might be approximately
achieved by the electronic structure of a small cluster of
atoms.

There are a large number of molecular orbital methods
with which one may calculate the approximate electronic
structure of atomic clusters. Of these, the Xa-Scattered
Wave method (described below) is the most useful for
clusters and molecules containing transition metals. The
cluster molecular orbital approach, using the Xa-scat-
tered wave method, has been applied to several transition
metal oxides. For example, Tossell et al. (1974) investi-
gated the electronic structure ofiron and titanium oxides
using molecular orbital calculations on FeOl,o-, FeOl-
and TiO[-. The close agreement between the calculated
molecular orbital energies and the experimental spectra
of iron and titanium oxides demonstrate that the cluster
approach can provide a good approximation to the elec-
tronic structure of minerals.

In the crystal structures of the manganese oxides,
manganese cations are octahedrally coordinated by oxy-
gen anions; the resulting MnO6 polyhedra are linked by
either edge or corner sharing to form infinite chain, sheet,
and three-dimensional units. The presence of shared
edges allows for cation-cation interactions. Goodenough
(1960, l97l), however, has shown that in most of the
manganese oxides, these interactions are very weak and
that the Mn 3d-electrons are essentially localized to their
parent cation and its immediate coordination environ-
ment. Accordingly, the electronic structures of these
minerals should be fairly well approximated by those of
simple MnOf,- clusters.

In this paper, the results of molecular orbital calcula-
tions (using the Xa scattered wave method) on such
MnO6 clusters are presented. Calculations were done for
MnOl0-, MnOl- and MnOE- corresponding to manga-
nese in the 2+, 3+ and 4+ oxidation states, respectively.
For all three clusters, octahedral (Oj symmetry was
used. In the structures of manganese oxides, however,
the point group symmetries of the MnO6 clusters are
usually much lower (e.g., Czu). Nevertheless, small poly-
hedral distortions are expected to have only a small effect
on orbital energies and charge distributions and the use of
06 slmmetry should be a good approximation. Still,
calculations on clusters of lower symmetry are desired
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and will undoubtedly be done as specific examples war-
rant investigation. For a recent example, Kai et al. (19E0)
have calculated the electronic structure of MnO!- using
C2, and Da6 symmetry. These results were used to
interpret the optical absorption spectrum of Mn3+ in
andalusite.

In the octahedral clusters investigated here, the Mn2*-O,
Mn3+-O and Mna*-O bond lengths are 2.21A,2.04A and
1.884, respectively. These values are representative of
those observed in the manganese oxides.

The calculated molecular orbital energies and charge
distributions will be used to describe the nature of chemi-
cal bonding in manganese oxides. The calculated orbital
energies will then be compared with existing spectrosco-
pic data (X-ray emission, Esca and optical spectra).
Finally, the results will be applied to the crystal chemistry
of these minerals. In addition to being of direct applica-
tion to manganese oxide mineralogy, the calculations will
also serve to demonstrate the efect of metal atom oxida-
tion state on bonding in coordination sites in minerals.

Theory and method of calculation

The theory behind the Xa scattered wave method has been
reviewed in a number of works (Johnson and Smith, 1973;
Johnson, 1973; Slater, 1974) and will only be outlined here.

The MnO$- cluster is partitioned into a set of overlapping
spheres corresponding to the central manganese atom and six
oxygen atoms. Within each atomic sphere, the one-electron
Schrodinger equation

Ul2V2 + V" + Vxldi :  eih ( l)

is solved for the orbitals fr and their energies ei. In (l), V. and V*
are the coulomb and exchange potentials, respectively. These
are expressed in terms ofthe electronic charge density pgiven by

P : I'(i)n;did' Q)

where n; is the occupancy of orbital i. From the charge density
the coulomb potential is evaluated using electrostatic theory
(solving Poisson's equation) while the exchange potential is
evaluated using Slater's Xa approximation

V^ = -6a l3l4r plt/3 (3)

where o is an adjustable scaling factor chosen so that the Xa
total energy ofthe system equals what would be obtained using
the conventional Hartree-Fock approach (Schw arz, 1972).

After the individual atomic potentials are calculated to self
consistency, they are superimposed to give an initial molecular
potential. Within each of the atomic spheres, the new potential is
spherically averaged to give a local radial potential. In the
interatomic region, the superimposed molecular potentiat is
volume averaged to give a simple constant potential. Finally, a
local potential for the extra-molecular region is obtained by
spherically averaging the potential within the outer sphere. For
each region of the cluster, the Schrodinger equation (using the
appropriate potential) is solved. The solutions are then matched
at the sphere boundaries using multiple scattered wave theory
and the result is then used to derive a new molecular potential.
The process is repeated iteratively until a self-consistent result is
obtained.
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Note that the familiar approximation of molecular orbitals as
linear combinations of atomic orbitals (lcao) is not used. The
conceptual utility of this approach is retained in the multiple
scattered wave method, however, since the solutions in each
region of the cluster are expressed as a summation offunctions
with definite angular momenta centered at individual atomic sites
(partial waves).

A useful feature of the Xa approximation is that the exchange
potential (equation 3) for spin up electrons can be diferent from
that for spin down electrons. This is done simply by setting the
charge density used in the exchange potential to be only that due
to electrons with the same spin. This approach is essential for a
realistic treatment of open shell systems (e.g., transition metals
with unpaired electrons). If unpaired electrons are present, the
exchange potentials, and consequently the spin-up and spin-
down orbitals and orbital energies, will be different.

ln the conventional Hartree-Fock approach, the energy of a
spin-orbital @ is given by

e; = (E(n; - l)) - (E(nr)) (4)

where (E(n)) is the total energy of the system when the occupan-
cy of orbital {; is n;. This is formally known as Koopman's
theorem. Note. however. that its derivation assumes that the
orbitals remain unchanged during the ionization; this may often
be a poor approximation insofar as one expects the orbitals to
"relax" about the new electronic configuration of the ionized
state. In the Xa formalism, the orbital eigenvalues have a
somewhat different meaning: If (E) is the total energy of the
system, then the orbital eigenvalues e; are given by

a(E(nr))
(5)Ai :

dn i

Accordingly, the physical nature ofthe Xa orbital eigenvalues
is similar to the notion of "orbital electronegativity".

To evaluate the energy required for a transition from state A to
state B, one could calculate the total energy ofthe system in each
state and take the diference. Numerically, this would be very
inefficient; electronic transition energies are on the order ofa few
electron volts while total energies are on the order of l0a-105
electron volts. Slater (1974), however, has shown that one may
accurately evaluate the difference between the Xa total energies
oftwo states ofa system by using the "transition state" concept.
The transition state is defined as having orbital occupancies
midway between those found in the initial and final states. Given
the transition state configuration, it can be shown that the energy
difference between the initial and final states of the system is
given by

AE = (E)e - (4e - ) {n"( i)  -  ne(i)}e,.( i)  (6)

where n^(i) and ne(i) are the occupancies oforbital i in the states
A and B, respectively, and e,,(i) is the energy of orbital i in the
transition state with occupancy

n,.(i) = {ne(i) + ns(i)}/2 (7)

One important advantage ofthe transition state procedure is that
it allows one to take into account the orbital relaxation which
occurs during the transition.

The essential computational parameters used for the three
clusters are given in the appendix. For all clusters, relativistic
corrections to the core states were employed.
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Calculated molecular orbitals

General

The calculated molecular orbital diagrams of the three
clusters are illustrated in Figure l. Note that the energies
of both the spin-up and spin-down forms of each orbital
are indicated. The energy levels shown are those of the
valence, crystal field, and low energy conduction band
molecular orbitals, which in turn are derived from the
manganese 3d,4s,4p and the oxygen 2p atomic orbitals.
Each molecular orbital is labelled according to its associ-
ated irreducible representation of the Oh point group. The
core molecular orbitals (not shown) are essentially lhe
manganese ls, 2s, 2p, 3s, and 3p and the oxygen lr
atomic orbitals. They are at a much lower energy, do not
participate in bonding, and are localized on either the Mn
or O atoms. The core states are of interest, however, in
the interpretation of X-ray emission and EScA spectra of
Mn-oxides and will be discussed below.

Valence band orbitals

The valence orbitals of tru symmetry are nominally
composed of Mn 4p and O 2p character. Both the 511, and
6ttu orbitals, however, have essentially no metal atom
character, indicating that the Mn 4p orbitals are not
involved in bonding. The /2u and f rs orbitals are complete-
ly non-bonding since they have no symmetry equivalent
on the metal atom.

The orbitals of greatest interest are those with both
metal and ligand character. These are the valence orbitals
of e", tzg &nd dq* symmetry, the atomic compositions of
which are given in Table l. The most important bonding
orbitals are the o-bonding 2e" and the n-bonding lr2r.
Both of these orbitals are composed of manganese 3d and
oxygen 2p atomic orbitals. With increasing oxidation
state of the manganese atom, these orbitals become more
bonding in character insofar as they donate more electron
density to the Mn atom and become more stable. The
spatial nature of these two orbitals can be seen in Figures
2 and 3 which show the wave function contours for the
2e, spin up a-bonding and l/2, spin up zr-bonding molecu-
lar orbitals of the MnOl- cluster. The o-bonds (Figs. 2a
and 2b) can be pictured as lobes of the Mn d(x2 - y2) and
d(322 - l) atomic orbitals pointing directly at the oxygen
p-orbitals while the z'-bonds (Fig. 3) result from overlap
of Mn d(xy), d9d and d(,rz) orbitals with O p-orbitals
directed perpendicular to the metal-ligand internuclear
vector. The 2er o-bonds are strongly directional in char-
acter while the lt2, z-bonds are rather delocalized over
the three metal-ligand planes. Finally, the o-bonding 641,
is an important bonding orbital in the MnOl0- cluster but
is of lesser relative importance in the MnO?- and MnO[-
clusters. This orbital is composed of the Mn 4s and O 2p
orbitals.
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Fig. I . Molecular orbital diagrams of the three clusters. Orbital energies have been scaled relative to the non-bonding I r1", lr2u and
6tru orbital energies. The number ofelectrons in the highest occupied molecular orbitals are indicated by the arrow symbols. The a
and B symbols indicate spin-up and spin-down orbitals, respectively.

Crystal field orbitals

The2t2"and 3e* orbitals correspond to the one-electron
crystal field states. In the pure ionic binding description
used by crystal field theory these orbitals are the Mn 3d

atomic orbitals which have lost their degeneracy by
electrostatic interaction with the surrounding anions: the
2t2Eorbital stabilized by 4Dq and the 3e* orbital destabi-
lized by 6Dq. In the molecular orbital description, the2t2"
and 3e" crystal field orbitals are the corresponding anti-

Table l. Orbital compositions in the three clusters

Inoul0-

tro i tnt

xn069-

tO XInt

In068-

%o XIn t

3eg{

3egt

2t2g+

2t2"+

2eg+

2egr

l t 2g *

Lt2"+

6a1g+

6a lg+

80

73

56

86

13

25

2l

E

6

I

23

6

80

56

84

73

18

39

I

1E

I

4

I

I

7 L

52

a2

6?

2 7 2

4 3 4

1 0 8

22 10

7

24

2

7

8

10

90

75

73

69

76

76

2

I

24

23

16

15

L7

43

c

2L

8

10

64

43

57

46

57

57

L7

13

36

32

34

33

26

46

10

27

8

s

59 13

43 10

56 33

43 29

62 30

61 29
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2ee Orbital XY-Plane

Fig. 2. Wave function contours for the 2e* sigma bonding
orbital in the Mna* centered MnOS- cluster. Solid lines indicate
the wave function is negative while dashed lines indicate positive
values. Contour intervals are given at 0.005, 0.01, 0.02, 0.04,
0.08, and 0.16.

bonding versions of the lt2s and 2eE bonding orbitals.
Note that as the metal atom character of the bonding lt2n
and2esorbitals increases, the ligand character ofthe anti-
bonding 2t2, and 3e, orbitals increases accordingly.
Hence, as the lt2s and zee orbitals become more bonding
in character, the 2t2" and 3e" crystal field orbitals become
more antibonding. In spite of their antibonding nature,
the average energy ofthe crystal field orbitals, relative to
the O 2p valence band orbitals, decreases with increasing
oxidation state of the manganese atom. Since these
orbitals are mostly manganese in character, their increas-
ing stability is a cbnsequence ofthe increasing electroneg-
ativity of the manganese atom. This has important conse-
quences on the ligand to metal charge-transfer spectra of
manganese oxides and will be discussed below.

OF MANGANESE OXIDE MINERALS

As expected, the crystal field splitting (i.e., the energy
separation between the 3e, and2t2, crystal field orbitals)
increases with the formal oxidation state of the manga-
nese cation. This is a consequence oftwo factors: first, an
increased electrostatic interaction between the manga-
nese cation and the oxygen anions, and, more important-
ly, an increased degree of e, o-relativeto t2e z-bonding in
the clusters.

Conduction band orbitals

The energy levels labelledTaluand 7t1u in Figure I are
those of the lowest energy conduction band orbitals. In
the molecular orbital description, these are the o-anti-
bonding versions ofthe 6a1, and the 5r1u bonding orbitals.
In an extremely localized or ionic description, these
orbitals correspond to the manganese 4s and 4p atomic
orbitals. Their calculated atomic compositions (not giv-
en), however, show that they are delocalized over the
oxygen, interatomic and extra-molecular regions.

Orbital exc hange splittings

As noted previously, when using a spin unrestricted
formalism the presence of unpaired electrons will give
fise to two different potentials: one for spin up, and one
for spin down electrons. In accordance with Hund's
rules, electrons with spin up (taken to be the majority
spin) are lower in energy than those with spin down. The
most extreme case is Mn2* with five unpaired electrons;
the resulting energy diference between spin up and spin
down states of the partially filled orbitals (the exchange
splitting) is quite large. Since the unpaired electrons in
each cluster are localized on the metal atom center, the
molecular orbitals with the most metal atom character
exhibit the greatest exchange splitting.

1t2s Orbital

Fig. 3. Wave function contours for the zr-bonding spin-up lr2"
orbital in MnOS-. Contour intervals are as in Fig. 2.

2es Orbital XZ-Plane
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Electronic spectra of manganese oxides

General

The calculated results can be verified by comparing the
theoretical orbital energies with existing X-ray emission,
tsca and optical spectra of manganese oxides. The
calculated orbital energies can also be used to interpret
electronic spectra when band assignments are uncertain.

It is important to recognize, however, that the Xa
scattered wave calculations, like all molecular orbital
methods, are done using a one-electron formalism. Spec-
troscopic transitions, however, are between multielec-
tronic wave functions (spectroscopic states). As a conse-
quence of interelectronic repulsion, a given electronic
configuration over several one electron orbitals can gen-
erate several multielectronic states (see, for example,
Lever, 1968). For example, the ground state electronic
configuration of Mna* in MnO[- is (2t2, 1)3. This configu-
ration gives the multielectronic state aA2r. However, the
excited state configuration (r2, 1)' @rt)t yields the two
states 4T2, and aTl*. Hence, the energy of the one-
electron transition 2t2"--> 3e, corresponds to a weighted
average of the energies of the spectroscopic transitions
4Aze - aT2" and, 4Aze - aTlr. As a second example, the
excited state configuration (2t2r1)2(2tzel)t of MnOE-
gives the states 2E, I 272" + 221u. Hence, the energy of
the one-electron transition 2t2"1 ---> 2t2sJ corresponds to
an average energy for the spin-forbidden spectroscopic
transitions +Aze - 2E", oAzr -- 2Tzs, and aA2, - 2Tte. ln
some cases, an electronic transition between two one-
electron orbitals corresponds to a unique transition be-
tween two multielectronic spectroscopic states. An ex-
ample is the 2t2"1 to 3e, 1 transitio-n in MnO?-; this
corresponds exactly to the '8, - )T2* spectroscopic
transition. Such cases provide an opportunity for direct
comparison between calculated and experimental results.

Optical spectra

Transitions between the crystal field orbitals occur in
the near-ultraviolet, visible and near-infrared spectral
regions. Apart from transitions to higher energy crystal
field states, two additional types of transitions occur in
the near-ultraviolet: ligand to metal charge transfer and
metal to conduction band transitions. Ligand to metal
charge-transfer transitions are between the non-bonding
ligand orbitals and the metal crystal field orbitals. With
reference to the molecular orbitals in Figure I these are
the 6tru -- 2tze and /2u -- 2tzc transitions. The 1r1, --- 2tze
transition is Laporte forbidden. Metal to conduction band
transitions, however, are from the 2t2" and 3e* crystal
field orbitals (localized on the metal atom) to the 7a1u and
7/1u conduction band states. Because these transitions
may be Laporte allowed, absorption bands are of much
greater intensity than those due to crystal field transi-
tions, and often result in an absorption edge in the visible
region spectra of transition metal-bearing minerals.

Several investigations have been made ofthe spectra of
Mn2* in oxides and silicates. Pratt and Coelho (1959)
obtained the optical spectrum of MnO and estimated
values for the ligand field parameters, but these were later
revised by the high resolution spectrum of MnO obtained
by Huffman et al. (1969). Keester and White (1968)
present spectra of Mn2* in a number of minerals. The
ground state d5 electronic configuration gives rise to the
65 Russel-Saunders term which in turn, gives rise to the
641 spectroscopic state in the crystal field. The excited
state d-electron configurations which result from promot-
ing a d-electron to one of the spin down d-orbitals,
however, give rise to several quartet Russel-Saunders
terms. Each of these is split into several states in the
crystal field. Hence, a one-electron orbital scheme can
provide only the crudest description of the crystal field
spectra arising from a high-spin d5 system. The visible
and near-infrared spectrum of Mn2* in octahedral coordi-
nation consists of the uAr - oTt,uAr --t nT, and 6Ar'-- ag,
aA transitions. The first two transitions are of the set
which arise from the 3er( t ) --> Ztze( J ) one-electron
transition. The 641 --t oE, oAr and higher energy transi-
tions arise from the 2tze(I) -- 2tze(J) and 3er(f ) --

3er( J ) one-electron transitions. ln particular, these two
"spin-flip" transitions give rise to the quartet states
whose energies are independant of 10Dq in the Tunabe-
Sugano or Orgel diagram for a high-spin d5 system. One
approach to relating the one-electron orbital energies of
the Mnd60- calculation with experimental spectra is to
calculate the ligand field parameter l0Do. Ligand field
theory, however, is cast in a spin-restricted formalism.
Hence, a spin-restricted Xa calculation must be done to
evaluate ligand field parameters (the correct relation
between ligand field theory and the Xa approach is
presented by Sambe and Felton, 1976). From such a
calculation, the crystal field splitting is found to be 10,9fi)
cm-l; this is in good agreement with the best experimen-
tal value of 10,100 cm-r for MnO (Hutrman et al., 1969).

Messick et al. /l97D have obtained the near-ultraviolet
spectrum of MnO. Transition state calculations were
done for the lowest energy absorption features and are
compared with the experimental results in Table 2. The
calculated results are in good agreement with experimen-
tal absorption band energies, yet the band assignments
given here are somewhat diferent. Messick et al. (1972)
assigned most of the features between 4.5 and 7.0 eV to
transitions from the valence and crystal field bands to the
conduction band. Other transitions, based on their tem-
perature dependance, were assigned as metal-metal
charge-transfer (i.e., 2Mn2+ ---r Mn* Mn3*). No features
were assigned as ligand to metal charge-transfer. The
calculated results, however, indicate that the first ligand
to metal charge-transfer transition is at a very high energy
(7.0 eV). At lower energies, but still well into the ultravio-
let, are the O 2p to conduction band and the metal to
conduction band transitions.

Optical absorption spectra are useful for the identifica-
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Table 2. Calculated (and observed) optical spectral band energies in manganese oxides

One-E lec t ron
Trans  i  t  ion

Cor respond ing
E ( c a t c .  ) '  S p e c t r a l  T r a n s i t i o n s ' " References

(  MnO6 )E-

r t 2 q (  + )

6 t 1 a (  *  )

2 t 2 s (  +  )

2 r2s(  +  )

(  Mno6)9-

1 t 2 a ( + )

6 t 1 u (  +  )

6 t 1 y (  r  )

2 t 2s (  r  )

2 t 2 9 ( + )

(  MnO6 )  l0-

6 t 1 u (  *  )

1 t 1 g (  r  )

2 t 2 g (  +  )

2t,2g( t )

2129 (  +  )

3eg (  r  )

2 t2g (  +  )

+  2 t , 2 g ( + )

+  2 t2s (  + ' )

|  3 e s ( r )

+  3 e g ( r )

'  2 t 2 E ( + ' )

92-

62-

4tz

4tz

5 .  L 7

4 . 3 2

3 .  3 3

2 . 9 5

6 . 2 7

4 . 6 5

2 . 4 2

3 . 4 2

7 .  O 0

5 . 8 0

5 . t 7

+ M C T

'  M  C {  ( c a .  4 . 3 )  1

'  4 r2  1z .an> ,  4 ' t t  I

,  28 ,  2Tr ,  2T2

0 2 - + M C T

0 2 - + M C T

0 2 -  r  M  C l  ( 4 . O 9 , 4 . 2 , 4 . 5 \

5 B  r  5 1 ,  e . 2 S - 2 . 7 9 )

2

3 , 4 , 5

2 t  2 9 (  + )

T t t u (  t )

T t l u (  +  )

0 2 -  +  M  C - I  ( 7 . 2 ,  6 . 9 )  6

v B  +  C B  ( 5 . 7 )  6

c F  '  c B  ( 5 . 4 ? )  6

+ E n e r g i e s  i n  e v  ( 1  e v  =  8 . 0 6 6  '  1 g 3  q 6 - 1 ; .  r t o b s e r v e d  s p e c t r a l  f e a t u r e s
g i v e n  i n  p a . r e n t h e s e s .  R e f e r e n c e s :  1 .  G e s c h w i n d  e t  4 1 . ( 1 9 6 2 ) ;  2 .  L a n g e r  a n d
A b u - E i d  ( 1 9 7 9 ) ;  3 .  B u r n s  e n d  S t r e n s  ( 1 9 6 7 ) ;  4 .  B u r n s  ( 1 9 7 0 ) ;
5 .  H a l e n i u s  ( 1 9 7 8 ) ; 6 .  M e s s l c k  e t  e I .  ( 1 9 ? 2 ) .

tion of Mn3+ cations in oxides and silicates (Burns, 1970).
The calculated energy for the tE" - 5T2, crystal field
transition in the MnOl- cluster is 19,520 cm-r. This also
corresponds to the l0Do parameter of ligand field theory.
In most Mn3*-bearing minerals the local coordination
environment is distorted to tetragonal (Do,) synrmetry by
the Jahn-Teller effect. There has been some confusion as
to the definition of l0Do in non-cubic symmetries and
hence the l0Do values reported for Mn3* in epidote
(Burns and Strens, 1967), manganophyllite (Burns, 1970)
and andalusite (Halenius, 1978; Kai et al., 1980) do not
colTespond to the cubic crystal field value of l0Do. In Da6
symmetry, the cubic crystal field parameter 10Dq corre-
sponds to the sB1, --+ 582s spectroscopic transition energy
(see, for example, Konig and Kremer, 1977). From the
spectra of Mn3+ in epidote (Burns and Strens, 1967),
manganophyllite (Burns, 1970) and andalusite (Halenius,
1978) the cubic l0Do values are therefore found to be
lE,l70 cm-r, 19,050 cm-rand 22,000 cm-r, respectively.
Hence, the value calculated for the MnO?- cluster is
reasonable. McClure (1962), however, has obtained a
l0Dq value of 19,470 cm-l for Mn3* in corundum; since
the Mn3+-0 bond length in -this phase is expected to be
much shorter than the 2.(XA used in this calculation, it
appears that the value of 10Do obtained here may be too
high. On the other hand, the l0Do value of the Mnr*
aquocomplex is 21,000 cm-r (Orgel, 1966).

The only near-ultraviolet spectral data for Mn3* in

minerals, from which one may obtain ligand-to-metal
charge-transfer energies, is the spectrum of piemontite
obtained by Langer and Abu-Eid (1977). Strong bands
were observed at 33,000 and 34,000 cm-r. These may be
assigned to the 6t1u --+ 3e, transition which is calculated to
be at 4.6 eV (37,000 cm-r) in the MnOB- cluster. Calcu-
lated values for other spectral band energies are given in
Table 2.

The spectrum of Mn4+ in corundum has been obtained
by Geschwind et al. (1962). As noted previously, the one-
electron orbital transition 2tz, (I ) --+ 3e" ( t ) in MnOS-
corresponds to the two spectroscopic transitions aA2 --->
aT2andoAr--oTr.In the spectrum of Mn4+ in corundum,
however, only the oAr'- oTrtransition was observed and
its energy' was 2l ,300 cm- r. The energy calculated for the
one-electron orbital transition 2t2n---> 3en is 26,860 cm-l'
Since this corresponds to an average of the two spectro-
scopic transition energies, it is in qualitative agreement
with experiment. Finally, the energy of the first ligand to
metal charge-transfer transition was estimated to be
about 35,0fi) cm-r. This agrees with the calculated value
of 34,850 cm-r for the 6tru --;Ztzs ligand to metal charge
transfer transition. The calculated energies for the re-
maining ligand to metal charge-transfer and crystal field
orbital transitions of MnO[- are given in Table 2.

The energies ofthe ligand to metal charge-transfer and
metal to conduction band transitions in the three clusters
correlate with the relative oxidation and reduction poten-
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tials of the three valences of manganese (e.g., Huheey,
197E). In the Mnd60- cluster, the first metal to conduction
band transition is much lower in energy than the first
ligand to metal charge-transfer transition; likewise the
oxidation of Mn2* to Mn3+ requires less energy than the
reduction of Mn2+ to Mn+. In the MnO[- cluster howev-
er, the first ligand to metal charge transfer transitions are
much lower in energy than the first metal to conduction
band transitions; Iikewise the reduction of Mna* to Mn3+
is more energetically favorable than the oxidation of
Mna+ to Mn5+. An intermediate situation is provided by
MnO!- where the two types of transitions are of similar
energies.

X-ray emission spectra

When an electron from a ls core orbital has been
photoejected, transitions from the higher energy occupied
orbitals to the ls orbital occur. The emitted photons
accompanying the relaxation give rise to the K spectrum.
For first row transition metals, the transitions of greatest
interest are those that originate from the n : 3 atomic
orbitals (M-shell) since these are strongly influenced by
the oxidation state and local coordination environment of
the metal atom. The transitions of the type 3p312,3p1p,3d
etc. ---) ls define the KB spectrum. The main peak in the
Kp spectrum results from the Mn 3p -.> Mn ls transition
and is designated Kp1. In addition to the KB1 transirion,
several addition peaks are observed. The KB5 peak is due
to transitions which are nominally of the type Mn 3d, O
2p -, Mn ls. The satellite lines KB" and K$" are
attributed to O 2s --+ Mn ls and Mn 4p (conduction band)
--+ Mn ls transitions, respectively. By analogy with the K
spectrum, the I, spectrum results from transitions to the n
= 2 atomic levels (i.e., 2s and 2p levels). The2p level is
split by spin-orbit coupling into the Zplpand 2p372 states.
Hence, in first-row transition metals, two allowed transi-
tions are present: 3d ---> 2prn(LB) and3d--+ 2g12(Lar.z).

The KB and La, Zp spectra of MnO and MnO2 were
calculated using the transition state formalism. These
results are presented in Table 3 and compared with
experimental values (Koster and Mendel, 1970; Tsutsumi

et al., 1976; Wood and Urch, 1976). The agreement
between theory and experiment is good for the case of
MnO although the KB energies may be overestimated for
the case of MnO2. The results can also be used to
interpret the Kp spectra of MnO, Mn2O3 and MnO2
phases. The assignment of KB" (Koster and Mendel,
1970) or "peak A" (Tsutsumi et al., 1976) to the O 2s --->

Mn ls crossover transition seems to be correct. Similarly,
the assignment of Kp" to a transition of an excited
electron in the Mn 4p (7t1) orbital to the Mn ls orbital
(Koster and Mendel, 1970) seems reasonable. An addi-
tional satellite peak, labeled KB', was attributed by
Koster and Mendel (1970) to a discrete energy loss
process whereby a Kp1 photon excites a Mn 3d electron
into the Tttu conduction band. Based on the ground state
energies, this does not appear to be correct. Tsutsumi et
al. (1976) attribute this feature to exchange splitting of the
KB1 peak.

X-ray photoelectron spectra (esce)

Valence region photoelectron spectra of MnO, Mn2O3
and Mn3Oa have been investigated. A low resolution
spectral profile encompassing the Mn 3d, O 2p and O 2s
valence bands of MnO (Wertheim and Hufner, 1972;
Hufner and Wertheim , 1973) showed that the O 2p and O
2s bands are separated by their free ion value of -16 eV;
this is in agreement with the results obtained here (i.e.,
the lt lr, 6tn(2p) - leg, ttu, ag(2s) energy separations).
Rao et aI. (1979) have obtained fairly high resolution
spectra profiling the O 2p and Mn 3d bands in MnO,
Mn2O3 and MnrOa. In the spectra of both MnO and
Mn2O3, four peaks were observed and were assigned to
be the Mn 3d (er), Mn 3d (tz"), O 2p (o) and O 2p (tr)
bands. The peaks were separated by about 1.5-2.0 eV
and, accordingly, are in fairly nice agreement with the
ground state energy level diagrams presented in Figure l.
In the spectrum of the mixed-valence phase hausmannite
(MnlOe), they were able to easily resolve the Mn2+ and
Mn3* 3d-bands. These states were found to have the
energetic order Mn2* (e*) > Mn3* (er) > Mn2* (tz) >
Mn3* (12). This ordering is in agreement with the ground

Table 3. Calculated and experimental K and L spectra of MnO and MnO2
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state electronic structures of the isolated MnOl0- and
MnO?- clusters if their orbital energies are related by
setting the intersphere potentials to be equal (as in Fig. l).

Applications to the crystal chemistry of manganese
oxides

Molecular orbital calculations on finite clusters can be
used to assess the stability of a given cation valence state
and electronic configuration (e.9., high-spin vs. low-spin)
in a given coordination environment. Ideally, this infor-
mation can then be applied to understanding mineral
stabilities, cation site occupancies, and the speciation and
transport of transition metals in geochemical environ-
ments.

Chemical bonding in manganese oxides

Of fundamental importance is the relative ionic versus
covalent nature of the manganese-oxygen bond. Of addi-
tional interest is the exact nature of the covalent interac-
tion. In each of the clusters, electronic charge is donated
from the 02- anions to the Mn2+, Mn3* or Mna+ cations.
One way to describe the nature ofthe manganese-oxygen
bond in each cluster is to calculate the net amount of
electronic charge donated to the manganese center by
each of the different types of metal-ligand bonding inter-
actions. For each orbital, however, the relative amount of
electronic charge in the atomic versus interatomic regions
is a function of the atomic sphere radii used in the
calculation. To eliminate the dependance of the bonding
description on the sphere radii, it is necessary to partition
the intersphere electronic charge among the manganese
and oxygen atomic regions. A reasonable way of doing
this is according to the ratio of manganese to oxygen
atomic sphere charges. This was done for each orbital and
the calculated net amount ofelectronic charge donated to
the manganese center by the different types of orbital
interactions is presented in Table 4.

By summing the amount of electronic charge donated
by each type of orbital interaction, one may calculate a
relative degree of covalancy of the bonding in each
cluster. The calculations show that the bondine in man-

Table 4. Net electronic charge donated to the manganese cations
by each type of orbital.

xnO6lo- xn069- xtr068-

ganese(IV) oxides is mostly covalent. The strong cova-
lency of the Mn4+ -O bond is also in agreement with the
strong Lewis acidity of Mna* in aqueous environments.
In contrast, the bonding in the Mn2+ cluster is mostly
ionic; this is in agreement with the tendency for Mn2* to
act as a weak Lewis acid and as an exchangable cation in
sedimentary environments.

It can be seen that in the Mn3+ and Mna* clusters most
of the metal-ligand interaction is through the e, o-type
bonds (Mn 3d4 2p overlap). There is also an appreciable
degree of zr-type bonding interaction as well. Since the
former bond type is quite directional in character, it is
expected that the stabilities of these cations in oxides
should have a strong dependence on coordination site
geometry. Molecular orbital calculations on MnO?- and
MnOS- clusters using different site geometries might there-
fore be of interest. In contrast, most of the metal-ligand
interaction in the MnOl0- cluster results from the spheri-
cally symmetric a4 o-type interaction and the spatially
diffuse tlu interaction. This situation, together with the
fairly ionic nature of the Mn2+-O bond, suggests that the
stability of a Mn2+ cations should exhibit a weaker
dependence on its coordination geometry.

Octahedral versus tetrahedral coordination

In the crystal structures of the manganese(IV) oxides,
the Mua+ cations are only in octahedral coordination
(Burns and Burns. 1977 1979D. The ionic radius of Mna*
(Shannon and Prewitt, 1969), however, is less than or
equal to that of several cations which often occur in
tetrahedral coordination (e.g., Al3*, Fe3*, and even
Mnt*). Crystal field theory explains the greater stability
of octahedrally coordinated Mna* since a d3 transition
metal cation will have an octahedral site preference
energy of 38/45Ao". (where A is the crystal field splitting
and it is assumed that A,"1 = 4/9Ao"t). Given the calculated
crystal field splitting of the d-orbitals in the MnOS-
cluster, the octahedral site preference energy is found to
be 2.79 eV. This is an extremely large value and it
accounts well for the absence of tetrahedrally coordinat-
ed Mna* in minerals.

Although crystal field theory has been quite successful
when applied to the crystal chemistry of the transition
metals (Burns, 1970), its physical basis is unfounded. A
more physically correct approach is molecular orbital
theory. To apply molecular orbital theory to understand-
ing the stability of octahedrally coordinated Mn4* in
oxide minerals, a calculation was done for a tetrahedral
MnOl- cluster. The bond length is taken to be the sum of
the Shannon and Prewitt (1969) ionic radii for fourfold-
coordinated Mna* and twofold-coordinated O2-. The
resulting molecular orbital diagram is compared with that
of the octahedral MnOS- cluster in Figure 4. In the
molecular orbital formalism, the notion of octahedral site
preference energy is somewhat complicated; still, several
differences between the two clusters are apparent. Rela-
tive to the top of the oxygen 2p valence band (the tr
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Fig. 4. Molecular orbital diagram for tetrahedral MnOl-G :
t.744).

orbital in Td symmetry and the rlg orbital in 06 slmme-
try), the occupied Mna* crystal field orbitals are less
stable in the tetrahedral cluster. Moreover, in T6 slmme-
try one electron must occupy the least stable 5t2 orbital
which is o-antibonding. Finally, the bonding molecular
orbitals in the MnOS- cluster are more stable (by about I
eV) than the analogous orbitals in the MnOf- cluster.
This is probably due to an increased delocalization ofthe
valence orbital electrons in the larger MnO[ cluster. The
molecular orbital approach shows that Mna* is more
stable in octahedral coordination although it is somewhat
ambiguous as to how one may define an octahedral site
preference energy.

High- versus Low-spin Mnz* and Mn3*

Transition metals with more than three electrons can
exist in both high spin and low spin states in octahedral
coordination. The two spin states of a transition metal
cation have different ionic radii (Shannon and Prewitt,
1969) and, hence, different crystal-chemical behavior.
The spin-unrestricted calculations can provide insight
into the stability of the high-spin relative to the low-spin
configuration in a given coordination environment. As
noted previously, the calculations show that both Mn2+
and Mn3* are in high-spin configurations at the metal-
ligand bond distance used for the MnOAO- and MnO!-
clusters. The exchange splitting of the Mn2* crystal field
orbitals (Fig. l) is quite large (4.5 eV); this indicates that
the high-spin configuration t2" (l)3e"(t)2 of Mn2* is
much more stable than the low-sprn configuration r2*( t )
trrr( I )t . It is known that with increasing pressure transi-
tion metals may undergo a high spin to low-spin transi-
tion. Such a transition of Fe2* is inferred to occur in the
Earth's mantle (Fyfe, 1960; Strens, 1969; Burns, 1970).
The electronic structure of the MnOlo- cluster, however,
implies that a high-spin to low-spin transition of Mn2* is

t
-9
> 4
g)

o
cu2
o

go
o
G

unlikely, and that Mn2* in the Earth's mantle is in the
high-spin state.

In contrast, the smaller exchange splitting of the 2t2"
orbital and the larger crystal field splitting in the MnO!-
cluster suggest that a high-spin to low-spin transition of
Mn3* can occur. When the Mn-O distance in the MnO?-
cluster is decreased from 2.04 to 1.88A, the low-spin
configuration is found to be the most stable; this suggests
that low-spin Mn3* may substitute for Mna* in the
manganese(IV) oxides, the ionic radii of Mna+ and low-
spin Mn3+ being fairly similar (Shannon -and Prewitt,
1969). It should be noted, however, that Mnr* distorts its
coordination environment via the Jahn-Teller effect and
that the resulting tetragonal distortion will stabilize the
high-spin configuration. Spin-unrestricted calculations on
fvtnO?- clusters with Da6 symmetry should therefore be
done to investigate this problem.

Stability of Mnt+ cations in oxides

The Mn3* ion is often unstable and frequently dispro-
portionates to Mn2+ and Mn3* ions (Stumm and Morgan,
1970; Huheey, 1978:, Cotton and Wilkinson, 1980). The
molecular orbital diagrams in Figure I suggest that the
stability of the MnO?- cluster is approximately midway
between that of the MnOl0- and MnO[- clusters. Hence,
in oxides, the energy required for the disproportionation
of two Mn3* ions should be quite low. Following Tossell
(1973), one may perform a transition state calculation for
the disproportionation of two MnOl- clusters to a MnO[,-
and a MnOA0- cluster as follows: 0.5 electrons are
removed from the 3e, orbital of the MnOl,0- cluster and
added to the 3e, orbital of the MnO[ cluster. The orbital
energies ofthe two isolated clusters can be placed on the
same scale by equating their constant intersphere poten-
tials. The resulting energy difference between the MnOB
and MnOl0- 3en orbitals would correspond to the energy
required for the disproportionation. This is found to be
less than 0.25 eV. This approach, however, neglects the
electrostatic component of the cluster energies. More-
over, the Mn3* cation will stabilize itself by inducing a
tetragonal distortion of its coordination environment.
Still, the calculations seem to be qualitatively consistent
with the known chemical behavior of Mn3* and suggest
that one may relate trends in redox chemistry with
theoretical valence orbital energies.

Conclusions

The agreement between the calculated results and
experimental spectra of manganese oxides demonstrates
that isolated clusters can be used to model chemical
bonding in these minerals.

As the formal oxidation state of the manganese atom
increases, the Mn-O bond becomes more covalent, the
crystal field splitting increases and the exchange splitting
of the d-orbitals decreases. The covalent nature of the
bonding in the MnO[- cluster explains the low solubilities
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of manganese (IV) oxides in solutions where strong
complexing agents are absent. In contrast, the ionic
nature of the bonding in the MnO[o- cluster is in agree-
ment with the higher solubility of Mn2+ in aqueous
solutions and the ability of Mn2* to act as an exchange-
able cation in complex oxides.

In terms of crystal field theory, the large crystal field
splitting in the MnOS- cluster explains the absence of
tetrahedrally coordinated Mna* in minerals. In terms of
molecular orbital theory, a comparison of the calculated
electronic structures of octahedral MnOE- and tetrahe-
dral MnOf- clusters indicates that Mna+ is much less
stable in tetrahedral coordination.

Because the bonding in the MnOl0- cluster is mostly
ionic, the Mn2+ 3d-orbital electrons are strongly localized
on the metal atom. Since there are five unpaired elec-
trons, this gives rise to a large exchange splitting of the
crystal field orbitals. This, in turn, indicates that a high-
spin to low-spin transition of Mn2* in oxides and silicates
at high pressure is unlikely.

Finally, the calculations are in qualitative agreement
with the tendency for Mn3* cations to disproportionate.
In addition, it is found that at the Mn-O bond distances
found in the manganese (IV) oxides, Mn3* would be in a
low-spin configuration. This suggests that low-spin Mn3*
may substitute for Mna* in manganese oxides.
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Appendix

For the MnOAG calculation, sphere radii were chosen
using the procedure of Norman (1977). Mn, O, and outer
sphere radii used were 2,4266,2.5919, and 6.7681 bohrs,
respectively. This choice of radii gave a virial theorem
coefrcient of 1.006.

For the MnO?- and MnOS- calculations sphere radii
were chosen using the above procedure but without
taking into account the Watson spheres surrounding the
oxygen atoms. The Mn, O and outer sphere radii used in
the MnO?- calculation were 2.2580, 1.7099 and 5.5656
bohrs, respectively. This choice gave a virial theorem
coemcient of 1.008. The Mn, O and outer sphere radii
used in the MnOS- cluster were2.0790,1.7080 and 5.2610
bohrs, respectively. The resulting virial theorem coeffi-
cient was 1.fi)8.

In each cluster, partial waves up to / = 2 were used for
manganese, / = I were used for oxygen, and / : 4 were
used for the Outer sphere.
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