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Abstract
The geometric and electronic structures of two mononuclear [(L)CoO2]+ complexes, [(12-
TMC)CoO2](ClO4) (1) and [(14-TMC)CoO2](ClO4) (2), have been evaluated using Co K-edge x-
ray absorption spectroscopy (XAS) and extended x-ray absorption fine structure (EXAFS) and
correlated with density functional theory (DFT) calculations to evaluate the differences in
geometric and electronic structure due to changes in the TMC chelate ring size. Co K-edge XAS
shows that both 1 and 2 are Co(III) species. Co K-edge EXAFS data show that both 1 and 2 are
side-on O2 bound Co(III)-peroxide complexes. A combination of EXAFS and DFT calculations
reveal that while the constrained 12-TMC ring in 1 allows for side-on O2 binding to the Co center
with ease, the 14-TMC chelate in 2 has to undergo significant distortion of the ring to overcome
steric hindrance posed by the four cis-methyl groups of the chelate to allow side-on O2 binding to
the Co center. The Ni analogue of 2, [(14-TMC)NiO2]+, has been shown to form an end-on bound
Ni(II)-superoxide species. The electronic and geometric factors that determine the different
electronic structures of 2 and [(14-TMC)NiO2]+ are evaluated using DFT calculations. The results
show that while the sterics of the cis-14-TMC chelate contribute to the geometry of O2 binding
and results in an end-on bound Ni(II)-O2

- complex in [(14-TMC)NiO2]+, the higher
thermodynamic driving force for the oxidation of the Co(II) overcomes this steric constraint,
resulting in the stabilization of a side-on bound Co(III)-O2

2- electronic structure in 2.

1. Introduction
Transition metal active sites of proteins play vital roles in dioxygen binding and reduction in
a variety of important biological processes as they facilitate the spin-forbidden interaction
between dioxygen and organic matter.1-4 Understanding the mechanism of dioxygen
binding and the geometric and electronic structures of the various intermediates generated in
the process of dioxygen activation are of key importance in understanding the overall
reaction mechanism of metalloproteins. In the case of mononuclear dioxygen activating
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proteins, the first step involves the formation of a M-O2 (M = metal active site)
intermediate, which can either react directly or lead to the formation of a high-valent metal-
oxo intermediate. This M-O2 intermediate can potentially assume different O2 binding
modes (side-on or end-on), different oxidation states (O2, O2

- or O2
2-), different spin states

at the metal center and different exchange stabilizations between the dioxygen moiety and
the metal center. Biomimetic efforts have resulted in the synthesis of various M-O2 (M-O)
intermediates,5-8 and spectroscopic characterization of these intermediates has been directed
towards understanding factors that determine their electronic structure, which can make a
key contribution to the reactivity.

Macrocyclic tetradentate N4 ligands, such as 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane (14-TMC), have been effectively used in synthesizing mononuclear
metal-oxygen complexes (M = Cr, Mn, Fe and Ni).9-13 Recently, we have successfully
synthesized Ni-O2 complexes with a variety of different TMC ligands9,11 in which the
ligand is varied from a 12-membered to a 14-membered ring (i.e., 12-TMC to 14-TMC; 12-
TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane). X-ray absorption
spectroscopic (XAS) studies and density functional theory (DFT) calculations on [(12-
TMC)NiO2] and [(14-TMC)NiO2] have revealed differences in electronic and geometric
structures that are associated with large steric hindrance posed by the 14-TMC ring bound to
the Ni center with all four methyl groups cis to the O2 binding side (Scheme 1). These
differences translate to reactivity differences; while [(12-TMC)NiO2] (side-on bound NiIII-
O2

2-) participates in nucleophilic reactions (aldehyde oxidation), [(14-TMC)NiO2] (end-on
bound NiII-O2

-) is capable of conducting electrophilic oxidative reactions.11

LCo-O2 complexes are important analogues of biological dioxygen carriers and have been
synthesized with porphyrin, salen and N4 macrocyclic ligands.14-16 We have extended these
synthetic efforts towards cobalt complexes to characterize reactivity differences of the
(TMC)Co-O2 complexes with changing macrocycle ring size.17 In a recent crystal structure
of [(12-TMC)CoO2] (1), we have shown a side-on binding mode of the O2 moiety to the Co
center (Scheme 1) and showed that 1 is EPR silent. Resonance Raman (rR) data revealed an
O-O stretching frequency of 902 cm-1 and Evan's method analysis of the NMR data show
that 1 has no unpaired electrons. Together, these data indicate a ground state that is
consistent with a Stotal=0, Co(III)-O2

2- assignment of 1. [(14-TMC)CoO2] (2) has also been
synthesized, while no crystal structure or rR data have been accessible, Evans method
analysis of the NMR data revealed the presence of unpaired spin on the Co center.

In this study, the differences in electronic and geometric structure between 1 and 2 have
been investigated using a combination of Co K-edge XAS, extended x-ray absorption fine
structure (EXAFS) and DFT calculations. The factors that lead to the differences in
magnetic properties of the two complexes have been evaluated. The role of the macrocyclic
ligands in determining the geometric and electronic structure of the Co complexes is
evaluated and compared and contrasted to its effects on the (TMC)Ni-O2 complexes. These
studies reveal interplay of contributions from steric effects, bonding interaction and the
preferential stability of different oxidation states in determining the final electronic and
geometric structures.

2. Experimental Section
2.1 Sample Preparation

[Co(12-TMC)O2](ClO4) (1),17 [Co(14-TMC)O2](ClO4) (2),18 [Co(12-TMC)(CH3CN)]
(ClO4)2 (1pre, precursor of 1)17 and [Co(14-TMC)(CH3CN)](ClO4)2 (2pre, precursor of 2)18

were synthesized as previously described. Caution: Perchlorate salts are potentially
explosive and should be handled with care! Since both 1 and 2 are thermally unstable, care
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was taken to minimize decomposition during loading of the samples into the XAS cells and
loading time was minimized. 2 mm lucite XAS cells were used with 37 μm Kapton windows
for the solution samples of 1 and 2. The solid samples for 1pre and 2pre were finely ground
with BN into a homogeneous mixture and pressed into a 1 mm aluminum spacer between 37
μm Kapton windows. The samples were immediately frozen and stored under liquid N2
conditions. During data collection, the samples were maintained at a constant temperature of
∼10 K using an Oxford Instruments CF 1208 liquid helium cryostat.

2.2 X-ray Absorption Spectroscopy
Co K-edge XAS data were measured on the frozen samples of both the oxygenated
complexes, 1 and 2, and their Co(II) precursors, 1pre and 2pre, on the 16 pole, 2 T wiggler
beamline 9-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) under standard ring
conditions of 3 GeV and 100 mA ring current. A Si(220) double-crystal monochromator was
used for energy selection. Other optical components used for the experiments were a Rh-
coated harmonic rejection mirror and a cylindrical Rh-coated bent focusing mirror. Data on
1 and 2 were measured in fluorescence mode using a Canberra 30-element solid state Ge
detector. Data on 1pre and 2pre were measured in transmission mode using an ionization
chamber placed after the sample. Internal energy calibration was accomplished by
simultaneous measurement of the absorption of a Co foil placed between two ionization
chambers situated after the sample. The first inflection point of the foil spectrum was fixed
at 7709.5 eV. The samples were monitored for potential signs of photoreduction throughout
the course of data collection. To minimize the effect of beam damage and photoreduction,
data were collected on an unexposed region of the sample cell after every 4 scans. Data
presented here are 8 scan average spectra for both 1 and 2, a 6 scan average spectra for 1pre
and a 4 scan average spectra for 2pre. The data were processed by fitting a second-order
polynomial to the pre-edge region and subtracting this from the entire spectrum as
background. A three-region spline of orders 2, 3, and 3 was used to model the smoothly
decaying post-edge region. The data were normalized in the Pyspline program19 by
subtracting the cubic spline and assigning the edge jump to 1.0 at 7730 eV.

Theoretical EXAFS signals χ(k) were calculated by using FEFF (macintosh version
8.4)20-22 and the crystal structure of 1, 1pre and 2pre and a structural model of 2 based on the
DFT geometry optimized structure (see section 2.3). The theoretical models were fit to the
data using EXAFSPAK.23 The structural parameters varied during the fitting process were
the bond distance (R) and the bond variance σ2, which is related to the Debye-Waller factor
resulting from thermal motion, and pair-wise static disorder of the absorbing and scattering
atoms. The non-structural parameter E0 (the energy at which k = 0) was also allowed to vary
but was restricted to a common value for every component in a given fit. The S0

2 value was
set at 0.8 for the entire course of the fit. Coordination numbers were systematically varied in
the course of the fit but were fixed within a given fit.

2.3 Electronic Structure Calculations
Gradient-corrected, (GGA) spin-unrestricted, broken-symmetry, density functional
calculations were carried out using the ORCA24,25 package on an 8-cpu linux cluster. The
Becke8826,27 exchange and Perdew8628 correlation non-local functionals were employed to
compare the electronic and geometric structure differences between 1 and 2. The coordinates
obtained from the crystal structure of 1 were used as the starting input structure for 1. For 2,
the crystal structure of a monomeric [Co(14-TMC)(acac)]3+ species29 was modified to a
[Co(14-TMC)O2]+ starting input structure. The core properties basis set CP(PPP) (as
implemented in ORCA)24,30 was used on Co and the Ahlrichs' all electron triple-ζ
TZVP31,32 basis set was used on all other atoms. A tight convergence criterion was selected.
Population analyses were performed by means of Mulliken Population Analysis (MPA).
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Wave functions were visualized and orbital contour plots were generated in Molden.33

Compositions of molecular orbitals and overlap populations between molecular fragments
were calculated using the QMForge.19

3 Results and Analysis
3.1 Co K-edge X-ray Absorption Spectroscopy

The normalized Co K-edge XAS spectra of 1 and 1pre are shown in Figure 1(A). The inset
shows the expanded pre-edge region. The pre-edge feature occurs due to a quadrupole-
allowed, dipole-forbidden Co 1s→3d transition and is a measure of the ligand field strength
at the metal center.34-36 As seen from Figure 1, on going from 1pre to 1, the pre-edge energy
position shifts from 7709.2 eV to 7710.1 eV indicating an increase in the ligand field
strength in 1. The edge region (∼7715 – 7725 eV) occurs due to the dipole-allowed Co
1s→4p+continuum transition and relative shifts in the edge energy position reflect the
change in charge at the Co center (QCo). Furthermore, additional transitions in the rising
edge can occur due to charge transfer shakeup processes or multiple scattering effects.37-40

In 1, the edge energy shifts up by ∼1.3 eV (relative to 1pre) to 7720.6, indicating an increase
in QCo. This comparison of the Co K-edge XAS data of 1 with its Co(II) precursor 1pre
indicates that 1 is one electron oxidized Co(III) species with an increased ligand field
strength. The edge-shift combined with rR data,17 which show an O-O stretching frequency
of 902 cm-1 in 1, indicate a Co(III)-peroxide electronic structure with the peroxide bound in
a side-on fashion to the Co(III). The crystal structure of 1 reveals a six coordinate active site
in contrast to the 5-coordinate site in 1pre. The higher coordination number in 1 leads to an
increased ligand field strength and is consistent with the ∼0.9 eV pre-edge shift to higher
energy.41

The normalized Co K-edge XAS spectra of 2 and 2pre are shown in Figure 1(B). The inset
shows the expanded pre-edge region. A similar trend is observed on going from 2pre to 2 as
observed on going from 1pre to 1; the pre-edge energy position shifts from 7709.3 to 7710.1
eV, indicating an increase in the ligand field strength in 2. The edge position shifts up from
7719.1 eV in 2pre to 7720.4 eV in 2, indicating an increase in QCo on 2. This increase in the
edge energy position indicates that 2 is one electron oxidized species relative to 2pre and is
also best described as a Co(III) complex.

3.2 Co K-edge EXAFS
Figure 2(A) shows a comparison of the non-phase shift corrected Fourier Transforms for 1
and 2. The inset shows the EXAFS comparison. The EXAFS analysis of 1 has been
published elsewhere17 and the best fit is reproduced in Table 1 for comparison. The
comparison shows that on going from 1 to 2, the EXAFS intensity decreases dramatically
with a concomitant decrease in the first shell intensity of the Fourier Transforms.
Additionally, the first shell in 2 splits and a peak is observed at 1.7 Å (non-phase shift
corrected). The second shell intensity decreases almost two-fold relative to that in 1. The
best fit to the EXAFS data for 2 are shown in Figure 2(B) and Table 1. The first shell was fit
with 2 Co-O components at 1.88 Å and 2 Co-N at 2.10 Å. Attempts to fit the data with 2
additional Co-N components, either at the same distance (2.10 Å) or at longer distances
were unsuccessful. The second shell was fit with single and multiple scattering contributions
from Co-C (2.9 Å) and the corresponding Co-C-N (3.15 Å) shells. A third shell was required
to fit the data with Co-C (3.5 Å) and Co-C-N (3.6 Å) shells. The presence of only 2 short
Co-N distances and requirement of third shell single and multiple scattering components
indicate the elongation of 2 Co-N bond to significantly longer distances in 2 such that the
single scattering component is not required but the combined single and multiple scattering
from the ring carbons, which is stronger, is required in the best fit. Thus, the EXAFS data
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reveal that the 14-TMC ring of 2 has undergone significant distortion with two elongated
Co-N distances (evidenced by the presence of long distance multiple scattering), two short
Co-N distances and two shorter Co-O distances. In contrast, the EXAFS data and the crystal
structure of 1 reveal that the active site has two short Co-O bonds (∼1.88 Å) and four
similar Co-N bonds (∼ 2.0 Å).

3.3 DFT Calculations
3.3.1 [(12-TMC)CoO2]+—Spin unrestricted DFT calculations were performed on the [(12-
TMC)CoO2]+ moiety obtained from the crystal structure of 1. [(12-TMC)CoO2]+ can
potentially exist in 14 different geometric and electronic configurations: either end-on or
side-on binding mode for O2 in combination with S = 0, S = 1 or S = 2 spin states at the
cobalt center and S = 1/2 or S = 0 on the O2.42 Geometry optimizations were performed
allowing for the calculations to converge to all 14 configurations out of which, six different
electronic configurations were achieved. These six configurations were compared to
investigate differences in bonding and energies. The energies and structural parameters are
given in Table 2. The calculations show that the side-on bound STotal = 0, [(12-
TMC)Co(III)O2

2-]+ electronic structure corresponds to the lowest energy configuration for 1
and is significantly more stable than any other configuration. The DFT calculated geometric
and electronic structure of 1 is consistent with the x-ray diffraction, Co K-edge XAS and rR
data which are consistent with a Co(III)O2

2- species. The 1H NMR spectrum of 1 does not
show paramagnetic shift over a range from -100 to 300 ppm, which indicates a STotal = 0 in
1, also consistent with the DFT results. It is of interest to note that all the end-on O2 bound
species converge to the Co(II)-O2

- electronic configuration and so does the high-spin side-
on O2 bound species. Only the low-spin STotal = 0, side-on bound species has a Co(III)-O2

2-

ground state, consistent with the optical and x-ray spectroscopy data.43

3.3.2 [(14-TMC)CoO2]+—Spin unrestricted DFT calculations were performed on a [(14-
TMC)CoO2]+ moiety, which was obtained by modifying the crystal structure of the [(14-
TMC)Co(acac)]3+ complex. Similar to the [(12-TMC)CoO2]+ calculations above, six ground
state configurations were achieved for [(14-TMC)CoO2]+ with a combination of starting
end-on and side-on bound geometries with spin-states of S = 0, 1 and 2. The energies and
structural parameters of these six configurations are shown in Table 3. In contrast to the
[(12-TMC)CoO2]+ calculations, in which the side-on bound STotal = 0 was significantly
more stable than any other species, the energies of the six [(14-TMC)CoO2]+ species differ
by at most ∼6 kcal/mol. Thus, the energies cannot be used to distinguish between the
different electronic configurations in [(14-TMC)CoO2]+.

The paramagnetic shift observed in the 1H NMR spectrum of 2 is consistent with an S = 1
ground state (see supporting information).44 Based on the NMR data, either the end-on or
side-on bound STotal = 1 species corresponds to the true ground state of 2. DFT calculations
show that the end-on bound STotal = 1 species converges to a Co(II)(S=1/2)-O2(S=1/2)
(ferromagnetically coupled) ground state, while the side-on bound STotal = 1 species
converges to a Co(III)(S=1)-O2(S=0) ground state. The XAS data presented in Figure 1
clearly show that 2 is a Co(III) species and thus confirm that the correct ground state is
Co(III)(S=1)-O2(S=0).45

The optimized geometry for 2 in the side-on bound Co(III)(S=1)-O2(S=0) form has 2 Co-O
bonds at 1.88 Å, 2 Co-N bonds at 2.15 Å and 2 elongated Co-N bonds at 2.31 Å, indicating
a significant distortion in the 14-TMC ring. This distortion is consistent with the EXAFS
analysis (Section 3.2 and Scheme 2). Note that the significant elongation of the two Co-N
bonds in 2 (2.3 Å is still a bond) is consistent with a distribution of the ligand field at the Co
center. This ligand field distribution leads to the stabilization of the intermediate Co(III) S =
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1 species. In contrast, most six-coordinate Co(III) complexes have an (S = 0 or 2) ground
state.

4 Discussion
4.1 Electronic Structure of [Co(12-TMC)O2]+ and [(Co(14-TMC)O2]+

1 and 2 are mononuclear O2 bound Co complexes formed by the addition of excess H2O2 to
their starting Co(II) analogues, 1pre and 2pre, respectively, in the presence of base.
Understanding the geometric and electronic structures of 1 and 2 is an important step in our
overall understanding of the M-O2 bonding at biological metal centers. In this study, the
geometric and electronic structures of 1 and 2 have been investigated using Co K-edge and
EXAFS techniques coupled with DFT calculations. Comparison of the Co K-edge XAS
edge of 1 and 2 to 1pre and 2pre, respectively, show that both 1 and 2 are Co(III) complexes.
NMR data show that 1 is diamagnetic, while 2 is paramagnetic with S = 1. Together, these
data reveal that the electronic structure of 1 and 2 have Co(III)(S=0)-O2

2-(S=0) and Co(III)
(S=1)-O2

2-(S=0) ground states, respectively. EXAFS analyses of 1 and 2, coupled with the
crystal structure of 1, demonstrates that both are side-on bound Co(III)-O2

2- species. The
experimental data coupled with DFT calculations show that the 4 Co-N bonds in 1 are
equidistant at ∼2.0 Å from the Co center. In contrast, 2 has a distorted ligand environment
with two Co-N bonds at 2.10 Å, and two elongated Co-N distances (not observed in
EXAFS). DFT calculations show that these two Co-N bonds are at ∼2.31 Å and are trans to
each other. This alleviates the steric hindrance posed by the methyl groups and allows for
the side-on binding of the O2 group. Therefore, the 14-TMC ring in 2 undergoes significant
distortion to accommodate the O2

2- to bind in a side-on fashion, which leads to a decrease in
ligand field strength at the Co center and stabilizes its intermediate spin S = 1 ground state.

4.2 Correlations between NiO2 and CoO2 Complexes
An interesting contrast is observed between the O2 bound cobalt and nickel complexes of
12-TMC and 14-TMC. Both [(12-TMC)CoO2]+ (1) and [(12-TMC)NiO2]+ have a side-on
O2 bound low-spin M(III)-O2

2- (M=Co, Ni) ground state. However, while [(14-
TMC)CoO2]+ (2) has a side-on O2 bound S=1 Co(III)(S=1)-O2

2-(S=0) ground state, [(14-
TMC)NiO2]+ has an end-on O2 bound S=1/2 Ni(II)(S=1)-O2

-(S=1/2) ground state. This
difference is best seen in the comparison of the Ni and Co K-edge XAS data of the four
complexes as shown in Figure 3. On going from [(12-TMC)NiO2]+ to [(14-TMC)NiO2]+

(Figure 3B), the edge shifts down by 1.8 eV, clearly indicating a dramatic decrease in charge
in [(14-TMC)NiO2]+ (i.e, Ni(III) to Ni(II)).46 In addition, Ni K-edge EXAFS analysis
revealed that in contrast to [(12-TMC)NiO2]+, which has 2 short Ni-O bonds, [(14-
TMC)NiO2]+ has one Ni-O bond. DFT calculations have suggested that the 14-TMC ligand
with the 4 cis-methyl groups47 posed a strong steric hindrance to the binding of the O2 in a
side-on fashion and only allowed for a relatively hindrance free end-on binding mode with a
Ni(II)-O2

- electronic configuration. In contrast, in the 12-TMC case, the omission of two
ring carbons constrained the ring, leading to an open conformation. This allowed the facile
side-on binding of the O2 forming a Ni(III)-O2

2- species. In contrast to the nickel systems,
the similarity in the Co K-edge edge energies for 1 and 2 (Figure 3A) shows that both are
Co(III) species and the EXAFS data show that both have side-on bound Co(III)-O2

2-
structures. Thus, despite the steric hindrance posed by the 14-TMC ring, the O2 assumes a
side-on binding mode to Co in 2 and to relieve the steric constraints, the 14-TMC ring
distorts as observed by experiment and DFT calculations (see section 3.2).

To understand this difference in bonding of O2 to Co and Ni in the 14-TMC case, the energy
contributions of the different factors that drive side-on versus end-on bonding were
evaluated. The conversion of an end-on bound Mn+-O2

- to side-on bound M(n+1)+-O2
2- is

Sarangi et al. Page 6

Inorg Chem. Author manuscript; available in PMC 2012 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



affected by different energy terms resulting from a) the oxidation of Mn+, b) the reduction of
O2

-, c) potential change in exchange stabilization between the Mn+ and O2
- spin systems, d)

differences in bonding, and e) destabilization due to steric factors. The differences in these
energy terms were estimated for the O2

n- bound Ni and Co complexes of 14-TMC. To
evaluate factor a), DFT geometry optimizations were performed on end-on bound [(14-
TMC)Ni(II)O2

-]+ and [(14-TMC)Co(II)O2
-]+ and the vertical energy changes upon

oxidation of these Ni(II) and Co(II) species were calculated.48 The calculations show that
the oxidation of the Co(II) species is 11.5 kcal/mol more favorable relative to the Ni(II)
species. The relative contribution of factor b) is similar in both the Co and Ni case and can
be omitted from consideration. The calculated exchange stabilization in [(14-
TMC)Ni(II)O2

-]+ is higher than that in [(14-TMC)Co(II)O2
-]+ by 1.8 kcal/mol.49 On going

from an end-on to a side-on binding mode of O2, both the Co and Ni species gain an
additional metal-O bond. A comparison of the Mulliken populations of the valence metal
orbitals involved in bonding with the O2

2- shows only minor relative changes on going from
the Ni to the Co complex (see Supporting Information) and can also be omitted from
consideration. Thus, the Co species prefers to be in the side-on M(III)-O2

2- configuration by
∼13.3 kcal/mol relative to the Ni species. The significant stability of the Co(III) oxidation
state relative to the Ni(III) oxidation state overcomes the steric hindrance posed by the 4 cis-
methyl groups in [(14-TMC)CoO2]+ leading to a distorted 14-TMC ring and a side-on O2
bound Co(III) complex. This difference can be clearly seen in the comparison of the Fourier
transforms of the EXAFS data of the Ni/Co, 12- and 14-TMC complexes (Figure 4). The
first shell intensity of the two 12-TMC complexes are very similar, while a decrease in
intensity is seen on going from [(14-TMC)NiO2]+ to [(14-TMC)CoO2]+, indicating the
overall decrease in first shell coordination due to the weakening of two Co-N bonds.

In contrast to the 14-TMC systems with steric interactions between the 4 cis-methyl groups,
in the steric-free [(12-TMC)NiO2]+ case, the side-on bound Ni(III)O2

2- form is 8.7 kcal/mol
more stable than the end-on O2 bound Ni(II)O2

- form. Combining this with the calculated
relative stability of the Co(III) case, the steric constraints posed by the 14-TMC ring can be
bracketed, as higher than ∼8.7 kcal/mol but less than ∼22 kcal/mol.

In summary, for both the [CoO2]+ and [NiO2]+ systems, end-on O2 binding leads to the
stabilization of an [M(II)-O2

-]+ electronic structure, while side-on O2 binding leads to the
formation of a [M(III)-O2

2-]+ species. The sterics of the cis-14-TMC chelate contributes to
the geometry of O2 binding and therefore the electronic structure for the [Ni(14-TMC)O2]+

complex results in an end-on bound Ni(II)-O2
- complex. However, the higher

thermodynamic driving force for the oxidation of the Co(II) overcomes this steric constraint,
resulting in the stabilization of a side-on bound Co(III)-O2

2- electronic structure in the 14-
TMC complex.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Normalized Co K-edge XAS spectra. A: 1 ( ) and 1pre ( ); B: 2 ( ) and 2pre
( ). The insets show the expanded pre-edge region.
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Figure 2.
(A) Comparison of the non-phase shift corrected Fourier Transforms for 1 ( ) and 2
( ). The inset shows the EXAFS comparison. (B) FEFF best fit results for 2. Data ( )
and fit ( ).
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Figure 3.
Comparison of the XAS pre-edge and edge shifts. (A): Co K-edge for 1 ( ) and 2 ( ).
(B): Ni K-edge for [(12-TMC)NiO2]+ ( ) and [(14-TMC)NiO2]+ ( ). Insets show the
expanded pre-edge region.
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Figure 4.
Comparison of the non-phase shift corrected Fourier Transforms for A: 1 ( ) and [(12-
TMC)NiO2](ClO4) ( ), B: 2 ( ) and [(14-TMC)NiO2](ClO4) ( ).
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Scheme 1.
The geometric structures of [Ni(12-TMC)O2]+ (crystal structure), [Ni(14-TMC)O2]+

(obtained from a combination of spectroscopic techniques and DFT calculations) and
[Co(12-TMC)O2]+ (crystal structure). The structure of [Co(14-TMC)O2]+ has not been
accessible via x-ray diffraction. Color code: Ni(green), Co(pink), O(red), N(blue), C(grey)
and H(white)
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Scheme 2.
The DFT calculated nearest neighbor distances for 1 (top) and 2 (bottom).
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