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The role of an oxometallic complex in OH dissociation
during water oxidation: a microscopic insight from DFT
study†
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The uncatalyzed atomic dissociation of water requires breaking of a strong O–H bond with an enthalpy of

494 kJ mol�1, which necessitates the understanding and designing of appropriate catalysts. Here we

employ transition state theory within quantum chemical density functional theory to understand the

role of metal-oxide inorganic complexes in the OH / O + H process, the most important reaction in

water oxidation. We study the effect of (a) chemical bonding in different M4O4 (M ¼ Mn, Co) cubane

complexes, (b) heterocubane geometry containing Ca, in addition to a transition metal ion, (c)

dimensionality by considering both three-dimensional and two-dimensional geometry of the

oxometallic unit, and (d) connectivity between two oxometallic cubane units, corner shared versus edge

shared geometry. Analysis of our density functional theory based calculations singles out a robust

microscopic quantity among various plausible and competing factors, which elucidates the important

role of metal–oxygen covalency at the oxidized site. The M–O bonding strength inversely determines

the strength of the O–H bond, and thus the energy required for OH dissociation. This provides one with

an important microscopic design principle for a metal-oxide complex catalyst responsible for water

oxidation.
1 Introduction

Producing hydrogen without fossil fuel feedstock is a grand
challenge in materials chemistry, and has tremendous impor-
tance towards producing clean energy. A possible solution lies
in splitting of water into gaseous hydrogen and oxygen, 2H2O
/ O2 + 2H2, thermally, electrochemically or photochemically.
The entire process involves two half-reactions, namely, oxygen
evolution, 2H2O/ O2 + 4H

+ + 4e�; and proton reduction, 4H+ +
4e� / 2H2. The stumbling block appears to be the lack of
efficient, low cost catalysts capable of driving the energetically
expensive oxidation reaction, or equivalently, atomic dissocia-
tion reaction to break strong O–H bonds. The uncatalyzed
reaction involves a large enthalpy of 494 kJ mol�1 for breaking
of each O–H bond, which calls for the necessity of development
and designing of suitable catalysts.
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Motivated by the naturally occurring water oxidizing center
(WOC) in Photosystem II (PS-II), MnO-complex [CaMn4O4],1 a
signicant amount of activity has been put forward to under-
stand and develop a functional alternative to the WOC. Such
metal oxide (MO) motifs are found in a large number of WOCs.2

Although, the structure of an isolated Mn4O4 cluster in the gas
phase is unusually two-dimensional,3 the Mn4O4Ca-complex in
PS-II has been proposed to be cubic.1 Nanocrystalline spinel-
phase MO, comprised of M4O4 cubane units, is also found to be
an active catalyst in this regard.4 Similarly, the catalytic activi-
ties of Co3O4 nanorods incorporated into silica and NiCo2O4

spinel have been reported,5 which indicate the possible role of
MO cubane core topology. However, further understanding is
required, i.e., which specic microscopic quantity is respon-
sible for the catalytic activity of a MO core in the water
oxidation.

A recent theoretical investigation6 based on combined clas-
sical and quantummechanical calculations on an isolated Co4O4

cubane unit singled out the mechanism that involves formation
of a stable O–O single bond by direct coupling between two co-
facial CoIV(O) oxo groups, with a relatively low activation barrier.
The proposed mechanism offers O–O bond formation aer two
out of four oxidation events in the entire cycle, and therefore has
an edge over the commonly believedmechanisms involving costly
four redox processes.7 In the proposed mechanism, the coupling
of two co-facial CoIV(O) oxo groups follows the step that involves
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Fig. 1 Schematic representation of the structure of different oxometallic
complexes. To make the MO complexes charge neutral additional H2O and OH
ligands are attached to the metal ions. (a) M4O4, (b) M2O2, (c) CaM3O4, (d) corner
shared M7O8 unit via a M ion, and (e) edge shared M7O7 unit (M ¼ Co/Mn). The
deep big ball (blue), light big ball (light blue), deep small ball (red) and light small
ball (pink) represent the M ion, Ca ion, O ion and H ion, respectively.
the OH / O + H transformation in the presence of Co4O4,
forming CoIV(O) oxo groups. The former step forms a crucial step
in the proposed mechanism of water oxidation. In the present
study, we considered a variety of MO motifs (all motivated by
various naturally occurring and experimentally synthesized
complexes1,8–11), and investigated their inuence on promoting
the OH / O + H reaction. In particular, we studied,

(a) The effect of chemical bonding by comparing the activity
of synthetic Co4O4 cubane (inspired by cobalt phosphate water
catalyst, CoPi8) with that of the naturally occurring Mn4O4-
complex.9

(b) The effect of heterocubane geometry by considering
CaCo3O4 and CaMn3O4 complexes, as found in the PSII-WOC.1

(c) The effect of dimensionality by considering the Co2O2 and
Mn2O2 units, both of which have a buckled two-dimensional
geometry as opposed to the three-dimensional cubane
structures.

(d) The effect of connectivity of the cubane units by consid-
ering two oxometallic units: corner shared via metal ions and
edge shared structures. Our choices have been guided by the
conclusions drawn from recent X-ray Absorption Spectroscopy
(XAS) experiments.10,11

Our extensive study encompasses the role of a metal ion (Co,
Mn), the effect of heterocubane geometry, the effect of dimen-
sionality (3D, 2D) and connectivity (corner-or edge-sharing) of
oxometallic units. This, to the best of our knowledge, is the rst
ever theoretical study using the state-of-art tools to probe
various possible dominating factors in hydroxyl dissociation,
which is the rate limiting reaction during water oxidation. The
present theoretical study should provide a guideline for
designing appropriate catalytic units.

Here we have particularly focused on the OH dissociation,
without considering the subsequent O–O bond formation
process, as the OH dissociation barrier is found to be the rate
limiting process in full water oxidation reaction.6
2 Computational details

All the considered MO complexes were made electrically neutral
by attaching an appropriate number of OH2 and OH ligands to
the metal ions. Fig. 1 shows the schematic representation of all
the structures. Such minimal structural models mimic the
active core of naturally occurring WOCs in PS-II and the CoPi
water catalyst. Similar models have already been established in
the literature.6,12 It is argued that the exclusion of an extensive
structural description (namely natural ligands) will not inu-
ence the mechanistic proposal6,12 that we are interested in the
present study.

The present structural models consist of a total of 40 atoms
for M4O4 systems, 12 atoms for M2O2 systems, 56 atoms for the
corner shared cubane complexes, and 53 atoms for the edge
shared cubane complexes. The constructed structures were
optimized using density functional theory (DFT) + van der
Waals (vdW) correction scheme proposed by Grimme (DFT +
D2)14 as implemented in the VASP code.13 In DFT + D2, the van
der Waals interactions are described via a pair-wise force eld,
which is optimized for several popular density functionals. We
have used the spin-polarized Perdew–Burke–Ernzerhof func-
tional15 for the exchange-correlation. The electron–ionic core
interaction on the valence electrons in the systems has been
represented by the projector augmented wave potentials
(PAW),16 and a plane-wave basis with a kinetic energy cutoff of
550 eV was used to expand the electronic wave functions.

For symmetry unrestricted geometry optimizations, we incor-
porated the constraint that each component of force on every
atomic site is less than 0.01 eV Å�1. Reciprocal space integration
was carried out at the G point. In order to deal with the nite
extent of the systems within the adopted periodic scheme of
calculations, a simple cubic cell was used, where two neighboring
images were kept separated by a vacuum of about 12–14 Å. This
essentially makes the interaction between the system images very
much negligible. The optimized structures were then used to
calculate the activation barrier (barrier height) of the process
,MO(H2O)n(OH)m / ,MO(H2O)n(OH)m�1O + H, where ,MO is
the oxometallic unit. The calculation of barrier height was carried
out using the climbing image nudged elastic band (NEB) tech-
nique.17 In NEB calculations we considered a set of 13 interme-
diate states (images), which are distributed along the reaction
path connecting the optimized initial and nal states. The nal
image (with dissociated H) is constructed by stretching the O–H
bond beyond the interaction range (typically�5 Å) by pulling the
H along the bond, as schematically shown in the inset of Fig. 2.
We also ensure that for all the intermediate images, the pulled H
does not form any additional bond or interact with any other ions
in the system. In NEB, to ensure the continuity of the reaction
path, the images are coupled with elastic forces, and each inter-
mediate state is fully relaxed in the hyperspace perpendicular to
the reaction coordinate. It should be mentioned here that all the
NEB calculations are performed within spin-polarized DFT,
considering the minimum energy spin conguration for the
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Fig. 2 Variation in the activation barrier (Ea) for the OH / O + H reaction in the
presence of different oxometallic units. The relative energy measured from the
energy of the initial geometry is plotted along the y-axis, and the ‘reaction
coordinate’, which we define as the distance between O and H in active OH of a
specific image, is plotted along the x-axis. The two schematic diagrams, shown as
insets, indicate that at the initial configuration, the OH ligand is attached to the
oxometallic unit, and at the final configuration, the H ion is moved far away from
the O ion with a typical distance of 5 Å between the two. Note that the H ion is
practically dissociated from the cubane unit beyond a distance of 4 Å and
changing the distance beyond this does not change the energy significantly.
initial andnal states. The site-projected spinmagneticmoments
are calculated by taking the difference between the majority and
minority spin channels within the Wigner–Seitz sphere centered
at the corresponding atom. The use of density functional theory
in estimating the bond breaking energy, as required for the
present problem, is found to be in good agreement with the
experimentally measured values.18 This gives us the condence in
our chosen scheme of calculation.
Fig. 3 Spin density isosurface of the Co4O4 unit attached to H2O and OH, after the
removal of H from one of the active OH ligands. The isosurface is fixed at 0.1 mB.
3 Results and discussion
3.1 Isolated units

The relative energy of the intermediate states for the OH/ O +
H reaction as a function of the reaction coordinate is shown in
Fig. 2, for different isolated MO complexes: Co4O4, CaCo3O4,
Co2O2, Mn4O4, CaMn3O4 and Mn2O2. It should be noted here
that all these MO units are connected to an appropriate number
of H2O and OH ligands to achieve charge neutrality. The
maximum value of the relative energy (Ea) gives the estimate of
the barrier height or the activation barrier of the process, OH/

O + H. It should be noted here that for a particular complex, the
activation barrier for OH dissociation does not depend on the
particular choice of the OH ligand attached to the M-ion. We
nd that the barrier height is reduced for all the studied cases,
compared to that of in the absence of a MO unit, which is
estimated to be 4.8 eV within the same calculation scheme.
However, we notice that the reduction in the activation barrier
is of varying degree for different MO complexes.

In order to understand the variation in activation energy under
the inuence of various MO units, we analyzed the distribution of
charge and spin densities within theMOunit, before and aer the
removal of H from the hydroxo ligand attached to the M ion. The
saturation of dangling bonds attached to the M ions by H2O and
OH ligands makes the nominal valence of the M ion in the MO
complex to be 3+. Considering the case of a Co4O4 complex, the
Co3+ nominal valence amounts to d6 conguration of Co. Our
calculation shows the Co3+ to be in the low spin (LS) state, with a
net spinmoment of 0 mB in the system. The removal of H from the
system introduces an extra hole in the system, which amounts to
transformation of one Co ion out of four Co ions, from the
nominal Co3+ (d6) valence to the nominal Co4+ (d5) valence. The LS
d5 conguration which is a S ¼ 1/2 conguration should give rise
to a spin moment of 1 mB at that particular Co site. We however
nd that the valence state of oxidized Co, aer the removal of H, is
intermediate between Co4+ and Co3+ with a core hole (Co3+ L) at
the O site of the hydroxo ligand, from which the H is removed.
The spin density is found to be shared between the Co ion and the
O ion, as shown in Fig. 3. This is in perfect agreement with the
observation, already made in ref. 6. The calculated spinmoments,
at the main oxidized Co site and at the O site belonging to the
hydroxo ligand, from which the H is removed, turned out to be
0.4 mB and 0.3 mB respectively, with small moments at the other Co
and O sites due to the long range hybridization effect, giving rise
to a net spin moment of 1 mB for the entire system. For details we
calculated spin magnetic moments at individual sites (see ESI†).

For the Mn4O4 complex, on the other hand, Mn is found to be
in the high spin (HS) state of MnIII (d4) with S ¼ 2 and a moment
of 3.7 mB localized at the Mn sites, and remaining moments at O
sites within the cubane unit, giving rise to a net moment of 16 mB.
Starting from any other spin structure, and a subsequent opti-
mization always resulted in the HS state. However, we found, via
spin restricted structural relaxation, that the S ¼ 1 (triplet state
with a total moment of 8 mB) and the S ¼ 0 (singlet state with a
total moment of 0 mB) spin states aremuch higher in energy (DE¼
3.7 and 7.3 eV, respectively) compared to the S ¼ 2 (quintet) spin
state. Thus, we did not consider these high energy structures for
subsequent NEB calculations. The stabilization of the HS state for
Mn and the LS state for Co is rationalized in terms of averageM–O
bond lengths, which turn out to be 2.11 Å forMn and 1.96 Å for Co
units, respectively. We note that the stabilization of LS states of
Co3+ in octahedral coordination arises due to the large crystal eld
stabilization energy (CFSE) of d6 electronic conguration, fully
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lling the t2g states. For Mn3+ with d4 conguration, the CFSE is
smaller and stabilization is achieved with 4 parallel spins. Like Co
cubane, aer the removal of H, the valence state of the oxidized
Mn ion is found to be in an intermediate valence state between
Mn4+ andMn3+ with a core hole (Mn3+ L) at the O site of the active
hydroxo ligand, from which the H is removed.

These observations hint towards the possible role of the M–O
covalency in the reduction of barrier height of the OH / O + H
reaction in the presence of a MO complex. In order to check this
hypothesis, we calculated the MO hybridization index. The
hybridization index as quantied by Häkkinen et al.,19 and later
used widely,3,20 can be dened in the context of oxometallics as
the hybridization between M-d and O-p states, as:

hpd ¼
Xocc

i¼1

w
ðMÞ
i;d w

ðOÞ
i;p ;

where wM
i,d (w

O
i,p) is the projection of the i-th Kohn–Sham orbital

onto the d (p) spherical harmonic centered at the main M (O)
site, integrated over a sphere of specied radius. The spin index
is implicit in the summation, which spans over the occupied
states.

The calculated p–d hybridization, hpd, for the different oxo-
metallic complexes as a function of the corresponding barrier
height of the OH/ O + H reaction is shown in Fig. 4. We nd a
systematic correlation between these two. The inset of Fig. 4
shows the calculated electron localization function (ELF, see the
ESI† for details)21 at the active OH bond, for the cases, (i)
without catalyst, (ii) attached to the Co4O4 unit, and (iii)
attached to the Mn4O4 unit (from le to right). ELF has been
found to be extremely useful for elucidating the bonding char-
acteristics of a variety of systems.22 Typically the presence of an
isosurface in the bonding region joining two atoms at a high
ELF value like $0.7 signies a localized bond. Focusing on the
gure, we nd that the isosurface, which is set at a value of 0.75,
Fig. 4 The p–d hybridization index (see text for definition) plotted as a function
of the barrier height of the OH / O + H reaction for different oxometallic units.
The straight line drawn is a guide to the eye, showing the correlation between
hybridization and the barrier height. The insets show the plots of electron local-
ization function zoomed at the OH ligand, in the absence of the oxometallic unit,
in the presence of the Co4O4 unit and in the presence of the Mn4O4 unit (from left
to right).
at the mid-point of the OH bond weakens when attached to an
oxometallic unit, like Co4O4 or Mn4O4, compared to that in the
absence of an oxometallic unit. Comparing between two oxo-
metallic units, Co4O4 and Mn4O4, we nd it to be even more
weakened for OH attached to Mn4O4 compared to Co4O4. The
weakening of the OH bond is caused by the stronger MO bond
at the oxidized site.

The stronger p–d hybridization for Mn4O4 compared to
Co4O4 can be rationalized in terms of the schematic energy level
diagram in Fig. 5, showing the positions of M-d energy levels
with respect to O-p energy levels. The octahedral environment
of surrounding oxygen splits the d levels at the M site into two
subgroups t2g and eg. The distortion of the MO6 octahedra
introduces further splitting within the t2g and eg manifolds. The
HS state of Mn3+ introduces additional spin splitting for each of
the Mn-d levels. This pushes the occupied Mn t2g states in the
up spin channel much closer to the O-p level, compared to that
of the Co t2g states. The strength of p–d hybridization is dictated
by the balance between the hopping interaction between M-d
and O-p orbitals, governed by the M–O bond length, and the
energy difference between M-d and O-p levels. The smaller p–d
orbital energy difference for HS Mn compared to LS Co is found
to dominate and overpower the M–O bond length effect. The HS
state of Mn also allows for the population of eg states, which
leads to directed pds bonding, amounting to a 40% increase in
hpd in moving from Co4O4 to Mn4O4.

Focusing on the effect of heterocubane geometry, obtained
by introducing Ca in oneM site out of four M sites in the cubane
geometry, we nd that it helps in both cases of Co cubane and
Mn cubane, in terms of strengthening the M–O covalency, and
thereby weakening the associated OH bond and reducing the
barrier height for OH bond breaking. This is found to be caused
primarily by the reduction in the Co(Mn)–O bond length in
heterocubane geometry due to substitution of a larger Ca ion at
the M site. The progressive strengthening of the M–O covalency
in moving from Co4O4 to CaCo3O4 to Mn4O4 complexes is also
supported by the density of states (DOS) plot, projected onto
M-d and O-p states, as shown in the ESI.†
Fig. 5 (Left panel) Schematic diagram of Co-d energy levels with respect to O-p
levels, and their occupancy for the isolated Co4O4 unit. (Right panel) schematic
diagram of Mn-d energy levels with respect to O-p levels, and their occupancy for
the isolated Mn4O4 unit.
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Fig. 6 Variation in the activation barrier (Ea) of the OH / O + H reaction in the
presence of shared MO oxometallic cubane units. Top and bottom panels
represent Co andMn shared cubane units, respectively. For comparison, the result
for the isolated unit has been shown in each individual panel.
Next, we studied the effect of dimensionality on the energy
barrier of the reaction concerned, by considering M2O2, with a
buckled two-dimensional geometry (see Fig. 1, panel b) as
opposed to the three-dimensional geometry of the cubane struc-
ture. In Co2O2, Co-d ions are found to be in the nominal 3+
valence state, as in the case of Co4O4. Moving from three
dimensions to two dimensions, the crystal eld splitting of the
Co-d state changes considerably placing the Co-d6 state to be in an
intermediate spin (IS) conguration with a magnetic moment of
z2.2 mB. This change in the spin state changes the energy posi-
tion of the Co-d level relative to the O-p level, as well as populates
the eg state, which makes hpd substantially increase in the two-
dimensional structure compared to three-dimensional geometry
of Co4O4 (see Fig. 4). This in turn reduces the barrier height of the
OH/O + H reaction to 3.09 eV in the case of Co2O2 compared to
3.67 eV in the case of Co4O4. We have also studied the Mn
counterpart in 2D. Our calculation shows that the Mn–O cova-
lency for the Mn2O2 oxometallic unit is somewhat larger than that
of the Mn4O4, in accordance with experimental ndings,23 which
in turn reduces the barrier height to 2.9 eV, which is estimated to
be 3.2 eV for Mn4O4. We note that the distance between O and H
at the transition state (Fig. 2) for Co2O2 and Mn2O2 is shorter
(z2.2 Å) than the rest (z3 Å). This happens due to the dimen-
sionality effect, which makes large difference in the number of
atoms between M4O4 (40 atoms) and M2O2 (12 atoms) systems.
With less number of atoms in the unit, the detached H atom
altogether experiences much less inuence (long range hybrid-
ization effect) of the surrounding atoms in the 2D (M2O2) case
compared to the 3D (M4O4) case. This gives rise to relatively
shallow minima (near the initial state) in the potential energy
surface along the reaction path for the 3D systems compared to
the 2D systems, thereby providing a comparatively longer O–H
bond distance for the transition state in the 3D cases.
3.2 Effect of connectivity

Finally, to explore the inuence of moving from an isolated MO
unit to connected units, we considered the corner and edge
shared M4O4 units for the Co as well as the Mn case. The results
for the relative energy as a function of the reaction coordinate
are summarized in Fig. 6. For comparison, we also show the
result for the isolated M4O4 unit. Focusing on the Co case rst
and considering the corner shared situation, all the Co ions
except the shared one at the corner position (which is in the
nominal 4+ state) are found to be in the 3+ valence state. Out of
six unshared Co sites, some were found to be in the LS state
with S ¼ 0, while the others were found to be in the IS state with
S ¼ 1. Two separate calculations of barrier heights were carried
out by considering the IS Co site as the binding site for OH that
will be oxidized, and the LS Co site in another. The effectiveness
in reduction of barrier height is found to be much more
pronounced when the IS Co site is chosen as the binding site for
the OH ligand that is oxidized. The spin state transition of a Co
ion from LS to IS24 enhances the M–O hybridization, as found
for Co2O2, which in turn correlates with the barrier height
(Fig. 4). For the edge shared geometry, on the other hand, the
unshared Co ion is always found to be in the LS state with its
effectiveness in reducing the barrier height of the OH / O + H
reaction intermediate between that of isolated cubane and
corner shared cubane units with the IS Co site chosen as the
main oxidized site (upper panel of Fig. 6). Unlike the case of Co,
for both corner and edge shared oxometallic units of Mn, all the
unshared Mn ions, i.e. the binding site for OH to be oxidized,
are found to be in the 3+ HS state (S ¼ 2). From the bottom
panel of Fig. 6, it can be seen that the variation in the activation
barrier for the OH / O + H process is not very signicant,
comparing between the isolated and shared Mn units. It is
worth mentioning in this context that the catalytic activity of
manganese oxide structures, considering eight different poly-
morphs with Mn3+ and Mn4+ oxidation states, has been inves-
tigated experimentally.25 The considered structures differed in
bonding motifs of MnO6 octahedra, which are much more
complicated than the simple connectivity of two cubane units
considered in the present study. Studying such extended
connectivity is beyond the scope of the computational study
presented here. The conclusion of the study carried out in ref.
25 is that the structures containing Mn3+ (d4) with Jahn–Teller
distorted Mn–O bonds are more active than those containing
Mn4+ (d3). This has been hypothesized in terms of formation of
more exible Mn–O bonds for Mn3+ compared to Mn4+. This is
very much in agreement with expectation derived out of the
study presented here, which draws a direct correlation between
the activation barrier height of the OH/ O + H process and the
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M–O covalency. The spin-splitting which is directly proportional
to the occupancy of unpaired electrons is expected to be more
for Mn3+ with four unpaired d electrons compared to Mn4+ with
three unpaired d electrons. This is expected to push the Mn d
states closer to O-p states for Mn3+ compared to that in Mn4,
leading to stronger Mn–O covalency and therefore weakening of
the O–H bond which promotes the OH / O + H reaction.
4 Conclusion

In summary, our density functional theory based calculations
carried out on the catalytic activity of a variety of oxometallic
complexes in the OH dissociation process reveals the following.

(a) For isolated MO complexes, the chemical effect of
substituting Co by Mn improves the M–O covalency, thus weak-
ening the active O–H bond strength. This results in the reduction
of the activation barrier of the OH / O + H reaction. Moreover,
the heterocubane complexes, through substitution of a single
Ca2+ ion in the place of a M ion, are found to help in further
reducing the activation barrier for both cases of Co and Mn
complexes.

(b) The change of dimensionality of the oxometallic unit
from the three-dimensional to two-dimensional geometry helps
in reducing the activation barrier.

(c) We nd that the corner shared Co cubane units to be highly
effective if one chooses the Co site in the IS state to be the active
oxidized site. It is gratifying to note that such corner shared
geometry has been proposed based on XAS data on a cobalt
catalyst lm.26 If the LS state is chosen as themain oxidized site, it
is found to be less effective than the IS Co case. Depending on the
synthesis conditions, the cubane units in WOC assembly, the LS
or IS Co sites may act as the main oxidized site, leading to varying
catalytic activity, which may explain the recent X-ray Absorption
Near Edge Structure (XANES) results.10

(d) Considering the shared motifs of Mn cubane units, we
nd both edge sharing as well as corner sharing help in
reducing the activation barrier, but the effect is not signicant.

All the above ndings are found to be underlined by one
common origin, which is the extent of the metal-oxygen cova-
lency at the active oxidized site, thereby ltering out a single
microscopic quantity among various plausible and competing
factors. Themicroscopic M–O bonding inversely determines the
strength of the O–H bond, and thus the energy required for OH
dissociation. A major contribution to this mechanism comes
from the relative energy positions of the M-d and O-p states,
with the spin-state at the active metal site playing a crucial role.
This is especially evident considering the case of corner-shared
cubane units, Co7O8. This highlight of our results should
provide an important microscopic design principle for the
metal-oxide complex catalyst responsible for water oxidation.
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