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We propose a method for analysis of bonding within molecules based upon localized molecular
orbitals. Applied to a series of transition metal complexes, it is seen that this analysis produces both
the oxidation state of the metal and chemically intuitive views of bonding. This is in contrast to
simple population analyses where the oxidation states are not reproduced and more complex analyses
which break down on problematic systems. We report the application to a manganese complex with
potential activity as oxygen evolving catalyst, determining the location of the oxidations.

I. INTRODUCTION

Understanding the nature of the chemical bond has
been one of the fundamental driving forces in the field
of theoretical chemistry. From the pioneering work of
Heitler and London1, the quest to theoretically model the
bonding within molecules has expanded vastly to a point
where calculations on large, biologically active molecules
containing hundreds of atoms are relatively routine. De-
spite growing popularity, there are many areas where the-
ory needs to bridge the gap between theoretical results
and their experimental counterparts.

The primary concept discussed in this paper is oxida-
tion state, which while formally defined but not often
very useful in main-group elements, is of great impor-
tance in transition metal compounds. The properties of
the different oxidation states are often very different, and
being able to determine oxidation states is an important
aspect of electrochemistry, and therefore catalysis. With
simple ligands, the oxidation states of transition metals
can be determined from the stoichiometry of a complex
and its salts. However, in cases where there are com-
plex or even bridging ligands, or when the complex is
involved in catalysis, the assignment of oxidation state
can be unclear.

Computationally and quantum mechanically, oxida-
tion states suffer from a lack of rigorous definition and
thus many different techniques for calculating approxi-
mate oxidation states have been proposed. One of the
earliest and simplest approaches is Mulliken population
analysis2, and the related Mayer Bonding analysis3, but
suffers heavy dependences on the basis sets chosen. As an
alternative, Löwdin population analysis4 shows reduced
basis set dependence with the same essential features.
While these total electron populations can be used to give
an indication of oxidation state of a transition metal, as
they do change with oxidation and reduction, the charges
given are often much lower than the formal oxidation
states of the metal, and without careful calibration are
very difficult to interpret.

More recently the Bond Valence Sum (BVS) method
has been used, particularly in the Cambridge Structural
Database5,6, to characterize the oxidation state of metal
complexes7. This method uses the distance between the
metal and the ligand to determine the oxidation state,
but relies heavily on so called R0 parameters which are
empirically determined from bond lengths of complexes
with known oxidation states. The R0 values have two
problems: first they depend on both atoms which make
up the bond, which limits their ability to be applied to
systems with new bonding partners, and secondly they
do not characterize species with bulky ligands and low
coordination numbers8, which may be the case for cat-
alytic compounds. In general both geometry and oxida-
tion state are direct consequences of the electronic struc-
ture of the compound and thus it seems preferable to
use the electronic structure to define the oxidation state
rather than the geometry, a correlated observable.

A different route which has developed in order to
treat similar problems are bond analyses. These meth-
ods typically characterize bonding within molecules and
then use those characterizations to calculate the oxida-
tion state. Methods of increasing levels of complexity
have been developed, leading to the Natural Bonding Or-
bital (NBO) analysis9, methods based on local spin10–14,
and topological approaches such as Electron Localization
Functions15 and Bader’s Atoms-in-Molecules16,17 and re-
lated approaches. These methods require some levels of
sophisticated analysis of the density to extract chemically
meaningful information.

II. LOCALIZED ORBITAL BONDING
ANALYSIS

We propose an alternative, much simpler, bonding
analysis based on the concept of localized orbitals, stem-
ming from an analysis of Cu-P-Cu-P diamondoids by
Rhee and Head-Gordon18. A number of localization
procedures have been applied over the years, among
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them Boys orbitals19, which minimize the radial ex-
tent of each orbital, Pipek-Mezey orbitals20, which max-
imize the locality of the projected population, and
Edmiston-Ruedenberg orbitals21, which maximize the
self-interaction of each orbital. Each method maximizes
a localization metric, Z:

ZBoys =
∑

i

〈φi(r1)φi(r2)|(r1 − r2)2|φi(r1)φi(r2)〉(1)

ZPM =
∑

I

∑

i

|〈φi|PI |φi〉|2 (2)

ZER =
∑

i

〈φi(r1)φi(r2)| 1
|r1 − r2| |φi(r1)φi(r2)〉,(3)

where φi are occupied orbitals, I labels atoms and PI is
the Mulliken projection operator on a particular atom.

Each of these methods, while differing in computa-
tional complexity, produces sets of localized orbitals,
which correspond to the lone pairs, non-bonding orbitals,
single, double and triple bonds which make up the lan-
guage of chemistry. By combining these methods with
a population analysis, we find that bonds and oxidation
states can be easily extracted, in accordance with chem-
ical intuition.

To extract chemical information from localized or-
bitals, it is convenient to decompose each orbital into
contributions upon atoms. The most obvious means of
such decomposition are the same methods discussed be-
fore Mulliken and Löwdin population analyses, which are
commonly used for the complete density, but have not
been commonly applied to localized orbitals. As these
are linear projections of the density, and the density is
additive from the orbitals, the sum of all orbital contri-
butions will result in the value for the total density.

If a molecule were to consist of ideal covalent bonds, we
would expect the localized orbitals to fall into three cate-
gories: core orbitals, which form a complete shell and are
fully localized; bonding orbitals, which contain contribu-
tions from two atoms, weighted in some way owing to
differences in electronegativity; and non-bonding orbitals
which are again completely local but formed from valence
rather than core electrons. In practice, core electrons
are usually very well localized, and can be easily distin-
guished, leaving any remaining well-localized orbitals as
non-bonding orbitals.

More complicated bonding situations, such as delocal-
ized electrons and ligand donation will cause orbitals to
be spread over more sites, and so the distinction between
these types becomes blurred. In these complicated situa-
tions use of the values of the projections themselves can
provide additional insight into the bonding. In the subse-
quent sections we have applied these methods to a series
transition metal complexes to validate the effectiveness of
this analysis and to demonstrate how the method relates
to bonding. We conclude with an application to a poten-
tial water oxidation catalyst, showing the location of the
successive oxidations along part of a proposed catalytic

Cl− H2O hs H2O ls CN – CO

VII 1.02 1.12 0.05 0.64

MnII 1.10 1.24 1.18 0.10 0.63

MnIII 0.93 1.58 1.52 0.35 0.80

FeII 1.08 1.20 1.09 0.01 0.51

FeIII 0.99 1.63 1.47 0.25 0.67

NiII 0.99 1.04 -0.19 0.31

ZnII 1.02 1.06 -0.03 0.52

TABLE I: Mulliken populations of the metal atom for various
transition metal complexes. “hs” and “ls” indicate the high-
spin and low-spin configurations respectively.

Cl− H2O hs H2O ls CN – CO

VII 0.38 0.51 -0.57 -0.19

MnII 0.53 1.06 0.78 -0.47 -0.11

MnIII 0.25 1.00 0.86 -0.24 0.13

FeII 0.49 0.69 0.45 -0.55 -0.22

FeIII 0.33 1.06 0.78 -0.33 0.01

NiII 0.37 0.52 -0.46 -0.19

ZnII 0.44 0.60 -0.29 -0.03

TABLE II: Löwdin populations of the metal atom for various
transition metal complexes. “hs” and “ls” indicate the high-
spin and low-spin configurations respectively.

cycle.

III. TRANSITION METALS

With the Localized Orbital Bonding Analysis, from the
number of non-bonding and donating orbitals it is possi-
ble to gain a measure of the oxidation state of a metal. In
this section we compare the Mulliken and Löwdin pop-
ulation analyses to both NBO analysis and LOBA for a
number of common transition metals and ligands. We
also investigate the oxidation states of the manganese
oxides for later comparison.

From I and II it can be seen that there is no system-
atic relationship between Mulliken or Löwdin charge and
oxidation state of the metals. This lack of correspon-
dence between chemical intuition and these population
analyses was a major driving force for the creation of a
new method for oxidation state characterization. From
LOBA results on a series of small molecules, it was seen
that a typical homonuclear covalent bond showed the ex-
pected population of 50% on each atom, and a heteronu-
clear bond showed polarized populations. This implied
that the analysis could also be used to discuss nature of
the bonds.

In order to use LOBA to count the number of elec-
trons on a metal it was necessary to define a limit at
which any given electron should be considered localized.
1 plots population analyses for the complete set of tran-
sition metals studied. The data set includes octahedral
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FIG. 1: A calibration plot for all transition metal complexes
and MnOx species studied. On the left are plots of the differ-
ence between nominal oxidation state and Mulliken or Löwdin
total charge on the metal. A LOBA oxidation state is based
on a minimum population threshold for an orbital to count
as localized on a metal. The errors in the LOBA oxidation
states of the metals are plotted against the threshold used.
The wide plateau shows a sensible choice for this to be in the
region 40-75%.

4d transition metals complexes with ligands spanning the
electrochemical series and manganese oxides to test for
the higher oxidation states of managnese. The complexes
used were cases in which the oxidation state of the metal
is well known. From this calibration plot, it can be seen
there is considerable flexibility in the choice of a thresh-
old for locality, and 60% was chosen to be close to the
center of the range. With this threshold in mind calcula-
tion of oxidation states becomes intuitively obvious; take
the nuclear charge and subtract one for each localized
electron. Throughout this study all core orbitals were
found to be fully localized.

Using this threshold, LOBA reproduces the oxidation
states readily, and in addition provides information as to
further electronic effects. III shows the maximum popu-
lation on the transition metal in acceptor orbitals (popu-
lation significantly less than 50%); the donation from the
ligand is greater in the charged, π-donor and π-acceptor
ligands. Similarly, IV shows the minimum population on
the metal of an orbital which donates to the ligands. As
is chemically intuitive, only the π-acceptor ligand com-
plexes have any significant metal-ligand donation (back-
bonding). None of the complexes contained any metal-
ligand covalent orbitals, and, aside from small changes in
atomic populations of local orbitals, there was very little
difference between Mulliken and Löwdin analyses.

NBO analyses on the complexes led to somewhat sim-
ilar results, with the number of localized orbitals being
correctly calculated using the populations of the natural
orbitals produced. The nature of the metal-ligand bond-
ing differed however, as in a number of systems (notably

Cl− H2O hs H2O ls CN – CO

VII 0.19 0.16

MnII 0.20 0.18

MnIII 0.23 0.06 0.13 0.23 0.22

FeII 0.05 0.20 0.19

FeIII 0.14 0.07 0.09 0.24 0.23

NiII 0.07 0.07 0.20 0.18

ZnII 0.12 0.16 0.25

TABLE III: Maximum occupations of metal accepting or-
bitals for various transition metal complexes calculated with
ER/Mulliken LOBA. Where there are no acceptor orbitals
(i.e. ligand population < 0.05), a blank has been left. “hs”
and “ls” indicate the high-spin and low-spin configurations
respectively.

Cl− H2O hs H2O ls CN – CO

VII 0.88 0.87

MnII 0.81 0.80

MnIII 0.87 0.90

FeII 0.85 0.86

FeIII 0.90 0.92

NiII

ZnII

TABLE IV: Minimum occupations of metal donating or-
bitals for various transition metal complexes calculated with
ER/Mulliken LOBA. Where there are no donating orbitals
(i.e. metal population > 0.95), a blank has been left. “hs”
and “ls” indicate the high-spin and low-spin configurations
respectively.

FeIII and MnIII complexes with Cl – , CN – , and CO) dis-
played an asymmetry, with three metal-ligand bonds and
three partially occupied orbitals localized on the remain-
ing ligands. In contrast, all of the LOBA results exhibited
the symmetry of the complexes.

The MnOx species studied behave in a very similar
manner to the transition metal complexes. None of the
species had any donor orbitals, all localized electrons
had populations > 99%, and totalling the localized or-
bitals gave exactly the oxidation state expected, unlike
the summed Mulliken and Löwdin charges on the met-
als (see VI and Ref. 22). The maximum populations of
the acceptor orbitals on Mn is given in V. During this
investigation MnO –

3 and MnO –
4 were first found to con-

verge to excited states corresponding to MnIII and MnV

respectively. While the Mulliken charges were not helpful
in determining that this had happened (being 0.53 and
0.86 respectively, compared to the final results in VI),
LOBA readily detected the wrong oxidation states and
enabled the correct solution to be found.
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FIG. 2: (a) X, a potential catalyst for water oxidation; (b) O, an analogue of X with bipyridine ligands replaced by ethandi-
imines.

Boys PM ER NBO

MnIVO2 0.16 0.21 0.16 0.18

MnVO –
3 0.23 0.23 0.23 0.25

MnVIO2 –
4 0.24 0.18 0.22 0.24

MnVIIO –
4 0.13 0.19 0.13 0.23

TABLE V: Maximum occupations of metal accepting orbitals
for various manganese oxide ions calculated with Mulliken
LOBA and NBO analysis.

Mulliken Löwdin

MnIVO2 1.01 0.73

MnVO –
3 0.94 0.51

MnVIO2 –
4 0.90 0.36

MnVIIO –
4 1.22 0.57

TABLE VI: Total population analyses on the Mn atom for
various manganese oxide ions.

IV. CATALYTIC CYCLE ANALYSIS

The design of an efficient water oxidation catalyst is
an important goal in the quest for renewable energy
sources.23,24 The Oxygen Evolving Complex (OEC) of
Photosystem II contains four oxo-bridged Mn centers
and serves this function with four proton-coupled elec-
tron transfers, although the precise mechanism is not
known. In particular, the oxidation states of the active
Mn atoms in the latter stages of the catalytic cycle are
uncertain25–29, and there has been much interest in the
accurate modelling of such systems in the protein envi-
ronment or in analogous molecules30–35.

In this section we consider a simpler catalyst with two
manganese atoms bridged by two oxygen atoms, X, fol-

lowing the motifs of the OEC’s structure. We investigate
part of a possible catalytic cycle for water oxidation using
this complex, and use LOBA to determine the location
of the oxidations in this cycle.

2 shows the proposed resting state of the catalyst X.
For computational convenience, we have replaced the
bulky bipyrimidine ligands with ethandiimine ligands as
their role is thought to be primarily that of steric pro-
tection. The model complex, O is also shown in 2. The
proposed catalytic cycle (3) involves two proton-coupled
electron transfers, followed by an O-O bond formation,
and the subsequent oxidation to form and release O2,
and is based on studies of similar complexes36,37 We have
studied intermediates O to B to elucidate the locations
of the initial oxidations.

The calculated energetics of the catalytic cycle are
shown in 4, and are within the feasible limits of the catal-
ysis which uses Ce4+ as an oxidant, although there is
considerable dependence upon functional, varying with
amount of exact exchange included.

LOBA calculations showed that the electronic struc-
ture changes throughout the cycle were not simply ex-
plainable by metal oxidations. The spectrum of func-
tionals chosen produced very similar analyses, and so we
concentrate on the results of the B3LYP functional here
with systems being high spin. Low-spin calculations gave
similar results, with spins in the appropriate opposite
space, although with a slightly more delocalization.

5 shows LOBA plots of compounds O,A1, and A.
There is much information contained within the plots,
but we shall explain the key features. Owing to the
heavy polarization from the positive charge on the Mn,
we shall refer to all ligand-metal orbitals as ‘donating’,
rather than distinguishing covalent orbitals. The nature
of the localized orbitals on nitrogen and acetate ligands
does not change significantly, and so they have been not
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FIG. 3: Proposed catalytic cycle

been plotted.
In O, each Mn has three localized α electrons, which

on inspection very much resemble d-orbitals, and so each
Mn is nominally MnIV. Cl may be considered Cl – with
a lone-pair heavily donating to Mn2. Similarly each oxo
donates a lone pair to each Mn. The terminal O from
H2O has donated a lone pair to Mn1.

In A1, H+ and an α electron have been removed. The
terminal O3 donates a further β electron to Mn1. The ox-
idized electron is a localized α electron removed from O2.
The α HOMO of O is delocalized around Mn2 (14%), O1
(23%) and O2 (28%), and so a first guess using this might
fortuitously arrive at a similar conclusion, although the
effects of geometry relation and the removal of an addi-
tional proton are likely to be at least as significant.

In A, a further H+ and a β electron has been removed.
Cl is now donating an additional β electron to Mn2. O3
now has only 3 α electrons, one of which is donating very
strongly to Mn1. The β space of the bridging O2 and
O1 now contains only one electron each, with a further
β electron delocalized between the two. The β HOMO
of A1 is mostly localized on the Cl (82%), and so would
not have predicted these electronic effects. Plots of some
of the relevant localized orbitals are shown in 6.

Overall, the nature of the oxidation sites in A1 and A
is quite different. However, it is notable that the oxida-
tion does not occur on the Mn atoms as proposed, but
rather on the bridging oxygens and terminal oxygen. In
particular, this is not a disability of the electronic struc-
ture method to describe the high oxidation states of Mn,
as they have been seen to be well described earlier.

V. COMPUTATIONAL DETAILS

In this section we detail the computational methods
used for calculation on Mn complexes. All calculations
were performed in a customized version of the Q-Chem
package38. Beginning with the crystal structure of the
nitrate salt of X the structure of O was created by dele-
tion and transmutation of the appropriate atoms. Exper-
imental magnetic measurements25 indicate a very slight
(-36.6 cm−1) antiferromagnetic coupling between the Mn
atoms, resting in a singlet ground state. As the coupling
is so slight, calculations were performed on both high-
and low-spin complexes (Ms = 3, 0).

Initial guess densities were produced by the super-
position of converged ligand and Mn2O2 fragment cal-
culations with a 3-21G basis set, as the minimal ba-
sis STO-3G was not found to reliably converge to the
correct state. Unrestricted SCF calculations were con-
verged with the Relaxed Constraints Algorithm39, un-
til a threshold of 10−3, followed by Geometric Direct
Minimization40. Functionals were calculated using a grid
with 70 radial and 302 Lebedev angular points, as smaller
grids led to intolerable inconsistencies between gradient
and energy evaluations, and between Hessian and gra-
dient. Density Functional Theory (DFT)41,42 in its for-
mulation due to Kohn and Sham43 was used for all cal-
culations. As the accuracy of DFT functionals is not
well-calibrated for systems such as these, we have used
three functionals with differing treatments of exchange,
B3LYP44, BP8645,46, and ωB97X-D47, and agreement of
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FIG. 4: Relative free energies of the catalytic cycle at 298K using the B3LYP (solid), BP86 (dashed) and ωB97X-D (dotted)
functionals. Oxidation states marked in the diagrams are those of the proposed reaction cycle. The first and second oxidations
are shown relative to the reduction Ce4+(aq) + e – −→ Ce3+(aq). The third step is the association of a water molecule, and is
relative to an isolated water molecule.

results from these different functionals gives some confi-
dence in the transferability of the results. Reliable con-
vergence of the SCF calculations in these systems was
found to be extremely difficult, and sensitive to the ini-
tial guess and convergence method used. Further details
of the calculations may be found in Appendix Once a
stationary point was found, it was subjected to stability
analysis48 and if a saddle point was found, the SCF was
restarted after a step in a downhill direction. Geometries
were then successively optimized with bases of 3-21G49,
6-31G50, and 6-31G*51, with frequency calculations per-
formed at convergence. Saddle-points were descended
from until a minimum was reached.

Because of the eccentricities of convergence, for the
B3LYP functional, SCF Metadynamics52 was performed
for each optimized geometry, and a number of the excited
SCF solutions had their geometry optimized. The lowest
competing geometry and state was 1.6 eV above the mini-
mum found. Localizations were performed with standard
Boys and Pipek-Mezey algorithms, and the Resolution of
the Identity Edmiston-Ruedenberg method of Subotnik
et al.53 using the RIMP2-SVP54 basis as the auxiliary
basis.

Free energies were calculated using the harmonic ap-
proximation at 298K. For BP86 and ωB97X-D func-
tionals, there was an imaginary frequency of the or-
der 50cm−1 in the vibrational analysis, corresponding
to a methyl group rotation. We consider this an arte-
fact of the numerical quadrature, and so the lowest
mode of all Mn complexes was removed in the calcu-
lation of the free-energy. The maximum effect of this
was a change of 0.05eV, and is not considered a sig-
nificant effect. As the charge of the species remains
conserved we expect gas-phase calculations to be suffi-
cient as solvent reorganization energies are likely to be
small. Relative energetics were calculated for reactions
such as O2+(g) −→ A12+(g) + H(g), and using standard
experimental values55,56 ∆fG◦298K(H(g)) = 2.11eV and
E◦(Ce3+(aq) −→ Ce4+(aq) + e−) = −1.72V .

VI. CONCLUSION

In contrast to Mulliken and Löwdin population anal-
yses, and Mayer bond orders, the bonding and oxida-
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(a) O Sz = 6
2
. The Mn2O2 core consists of

each oxo donating to each Mn. σ bonds
from O3 to its two hydrogen atoms have
been removed from the plot. O3 donates

a single lone pair to Mn1.

(b) A1 Sz = 5
2
. With H+ removed from it,

O3 donates an additional β electron to
Mn1. An α electron has been removed

from O2.

(c) A Sz = 6
2
. With a further H+ removed

from it, O3 now has only 3 α electrons,
one of which is heavily donating to Mn1.
The second oxidized electron has been

removed from the β space of O2 and O1,
resulting in a delocalized electron

bridging both.

FIG. 5: LOBA plots for the ClMnO2MnO core of complexes calculated with unrestricted B3LYP in a 6-31G* basis using
Löwdin/Edmiston-Ruedenberg analysis. O2 and O1 are bridging oxygens. Mn2 has the Cl ligand and Mn1 the initial water
ligand, whose oxygen is labelled O3. The parenthetical number following each atom is the number of non-core fully-localized
electrons in that spin space which are not shown on the plots. Each symbol corresponds to a different localized orbital, plotting
its population on each atom when larger than 0.1 electrons.

(a) (b) (c) (d)

FIG. 6: Isosurface (0.07 a.u.) plots of some of the localized ER orbitals shown in 5. (a) In O: A localized Mn α d orbital.
Each Mn has three of these; (b) In O: An O-Mn α σ bond. There is one of these between each Mn and bridging O; (c) In A:
The Mn-O α donor orbital with π character; (d) In A: The Mn2O2 delocalized β orbital.

tion states produced by LOBA are very compatible with
chemical intuition, and are relatively insensitive to the
population analysis and localization method used. Com-
parison of NBO analysis and LOBA gives similar results
in most cases, although LOBA does not seem to pro-
duce the undesirable symmetry breaking seen in some
transition metal complexes with NBO analysis. We sug-
gest that, though it is only currently possible for single-
determinant theories, LOBA is to be preferred because

of its simplicity.

A study of a manganese-based potential water oxida-
tion catalyst showed a complex electronic structure, but
revealed a non-intuitive oxidation of the bridging oxo lig-
ands in preference to a metal oxidation.
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