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The trinuclear complex Mn3(pko)4(CH3O)2(SCN)2‚CH3OH, 1, where
Hpko is 2,2′-dipyridylketonoxime, is a rare example of a complex
simultaneously containing MnII and MnIV. X-ray crystallography and
XANES spectroscopy clearly distinguish the MnII

2MnIV valence
isomer from the more commonly observed MnIII

2MnII formulation.
Fits to variable-temperature magnetic susceptibility data indicate
that the MnII and MnIV are ferromagnetically coupled (J ) +6.13
cm-1) and that 1 has an S ) 13/2 ground state.

The photosynthetic conversion of water to dioxygen occurs
in the oxygen evolving complex (OEC) of photosystem II.
Four manganese ions form the heart of the water oxidation
machinery of this enzyme.1,2 There are five resolvable
enzyme oxidation levels, termed S states, with the most
reduced form being the S0 level and the liberation of
dioxygen occurring on the S3 f S4 f S0 transition.3

Numerous techniques have been used to probe the structure
and oxidation states of the manganese ions in different S
states. Originally X-ray absorption spectroscopy4 and, more
recently, EPR spectroscopy5,6 have interrogated the S0

oxidation level. On the basis of these studies, an ensemble
of MnIIMnIIIMnIV

2 has been proposed as the oxidation states
for the S0 manganese cluster.4

While low-nuclearity, mixed-valence manganese com-
plexes are widely known, there are only two examples in

which MnII coexists in the presence of MnIV. In most cases,
the MnII and MnIV oxidation states are unstable to compro-
portionation reactions that yield MnIII . Chan and Armstrong7

reported a tetranuclear cluster of composition MnII
2MnIII -

MnIV. This molecule contained a MnIIIMnIV µ-O core with
peripheral MnII ions. Very recently,8 one of us demonstrated
that MnII and MnIV could exist in a tetranuclear cluster in
the absence of MnIII .

In this report, we present the first trinuclear manganese
complex that contains only MnII and MnIV ions. Because of
the linear topology of MnIIMnIVMnII(pko)4(CH3O)2(SCN)2‚
CH3OH, 1 [Hpko ) 2,2′-dipyridyl ketonoxime], the magnetic
interactions are more straightforward to analyze and this
molecule is used to test whether XANES spectroscopy can
distinguish a [MnII2MnIV]8+ species from [MnIII 2MnII]8+.

Complex1 can be prepared by the addition of 1.2 mmol
(0.24 g) of Hpko to a solution of 1.2 mmol (0.048 g) of
sodium hydroxide and 0.6 mmol (0.081 g) of NaSCN in 50
mL of CH3OH followed by 0.9 mmol (0.180 g) of MnCl2‚
4H2O dissolved in 50 mL of methanol. Then, the solution
was exposed to dioxygen by bubbling air into the reaction
mixture. The resulting black-red solution was reduced to 50
mL and then 10 mL of CH2Cl2 was added. Black-brown
crystals suitable for X-ray diffraction studies were obtained
by slow evaporation.9 The Cl- analogue is prepared analo-
gously, omitting the NaSCN. On the basis of X-ray analysis,
1 and the Cl- analogue are isostructral.

The neutral complex1 (Figure 1) has 8 anions (2
thiocyanates, 2µ-alkoxides, and 4 pko- ligands) requiring
that the sum of the charges on the 3 manganese ions be+8.
We prefer the manganese oxidation state formulation of
[MnII

2MnIV]8+. The complex includes a central octahedral
Mn(IV) ion, Mn(1) located on a crystallographic inversion
center. It is flanked by two Mn(II) ions, Mn(2) and Mn-
(2A). Each pko- ligand acts as a tridentate chelating agent
by using a pyridine, N(3), and an oximato nitrogen, N(1),
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bound to Mn(II) ion and the oximato oxygen, O(1),
coordinated to Mn(IV) central ion, while the other nitrogen
atom of the pko ligand, N(2), remains uncoordinated. The
terminal unidentate pseudohalide ligand is bound to Mn(II)
ions through the nitrogen atom. The six bond distances
around the Mn(1) atom average 1.91 Å varying from Mn-
(1)-O(3)methoxy) 1.881(2) Å to Mn(1)-O(2)oximato) 1.933-
(2) Å. The average distance is similar to those in mononu-
clear Mn(IV) compounds (e.g., MnIV(SALADHP)211-13,
Mn-Oav ) 1.889 Å) and approximately 0.12 Å shorter than
the average bond lengths that are typical for MnIII species.

The lack of a Jahn-Teller distortion of Mn(1) further
supports the oxidation state assignment as MnIV rather than
MnIII . The terminal Mn(2) ions are coordinated to five
nitrogen atoms and an oxygen atom with an average bond
distance of 2.223 Å (varying from 2.119(3) to 2.291(3) Å).
This average value is typical for Mn(II) compounds and fully
supports a valence trapped 2+ oxidation state for the terminal
atoms. The central Mn(1) and the terminal Mn(2) ions,
bridged by the methoxide oxygen and two oximato groups,
are separated by 3.372 Å. It is interesting to compare the
structure of1 to previously reported trinuclear MnIIIMnII-
MnIII compounds, such as MnIIMnIII

2(SALADHP)2(OAc)4-
(MeOH)2,14,15 2, which also have an Mn38+ core. The MnIII

ion in this class of complexes has a Mn-Oav distance of
2.031 Å with equatorial ligation averaging 1.926 Å and the
axial distances being much longer (2.241 Å). The MnII ion
is more symmetric and has an average distance of 2.154 Å.
The average Mn‚‚‚Mn separation is 3.486 Å. Thus, within
the class of molecules containing a Mn3

8+ stoichiometry,1
and2 represent two distinct valence isomers.

The MnIIIMnIIMnIII compounds showed weak antiferro-
magnetic exchange interactions (J ∼ -6 cm-1) with anS)
3/2 ground state, whereas the tetranuclear MnII

3MnIV exhibited
both antiferromagnetic and ferromagnetic exchange. There-
fore, we collected the variable-temperature magnetic sus-
ceptibility data10 for 1, shown as Figure 2, to discern the
type of magnetic exchange interactions for this valence
isomer. The best fit (for a model withJ12 being defined as
the exchange parameter between the central MnIV and
terminal MnII andJ22 set to 0) isJ12 ) +6.13 cm-1 andg )
2.09. The magnetic ground state, confirmed by magnetization
measurements at 4.5 K, isS ) 13/2 (Figure S1, Supporting
Information). Different EPR spectral signatures are found
for 1 and 2 (Figure S2).1 has unstructured, low field
transitions at 4.2 K while2 exhibits a broad feature, with
multiline character centered around 1600 G.14 Detailed
interpretation of the EPR spectra is complicated by the large
density of states for this complex (Figure S3, Supporting
Information).
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Figure 1. ORTEP diagram of1. Important bond lengths (Å) and angles
(deg): Mn(1)-O(1)oximato) 1.922(2); Mn(1)-O(2)oximato) 1.933(2); Mn-
(1)-O(3)methoxy ) 1.881(2); Mn(2)-N(1)oximato ) 2.259(3); Mn(2)-
N(3)pyridyl ) 2.291(3); Mn(2)-N(4)oximato) 2.241(2); Mn(2)-N(6)pyridyl )
2.280(3); Mn(2)-O(3)methoxy ) 2.150(2); Mn(2)-N(7)thiocyanato) 2.119-
(3); Mn(1)‚‚‚Mn(2), 3.372; Mn(1)-O(3)-Mn(2), 113.39(10).

Figure 2. Variable-temperature magnetic susceptibility for1.
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X-ray absorption spectra16 for 1 and for the Cl- analogue
were nearly identical, with the biggest difference being a
slightly broader Fourier transform for the Cl- analogue
(Figure S5, Supporting Information). Fits to the EXAFS17

(Figure S5, S6, Table S1, Supporting Information) required
two shells of nearest neighbors, at ca. 1.9 and 2.2 Å, as
expected from the crystal structure. Fits for the two com-
pounds are nearly identical, and, in particular, addition of
0.67 Mn-Cl per Mn did not significantly improve the fit
for the Cl- complex, despite the fact that Cl- is unambigu-
ously ligated to the Mn(II). For each complex, the Fourier
transform shows two large peaks due to outer-shell scattering.
These could be modeled using three shells of C/N scattering,
giving distances consistent with the crystal structure of1.
Due to the limited data range and the relatively large number
of variable parameters, the coordination numbers for the C/N
shells were constrained to match the crystallographic values.
Despite the limited data range, the best-fit Mn-C/N distances
were a good match to the crystallographic values. Inclusion
of a Mn-Mn shell at 3.37 Å(1) or 3.41 Å (Cl- complex)
gave a small but reproducible improvement in the fit.

The XANES spectra were fit with linear combinations of
Mn model spectra.18,19 In both 1 and the Cl- analogue, the
best fit gave an average oxidation state of 2.7, consistent
both with the MnII2MnIV assignment and with the MnIII

2MnII

alternative. However, as shown in Figure 3, the XANES
spectrum for an authentic MnIII

2MnII trimer,2, is somewhat
narrower than that seen for1 or for its Cl- analogue (identical
spectra are found for analogues of2), and has a weaker 1s-
3d transition (Figure S6). Interestingly, there is no shift in

1s-3d energy (<0.2 eV), in contrast with the 2 eV shift
observed between CuII and CuIII .20 This difference in XANES
shape suggests that it may be possible to distinguish
experimentally between the two valence configurations.
When the XANES spectra for1 were fit with a linear
combination of Mn(II), Mn(III), and Mn(IV), the best fits
all had less than 15% Mn(III), while the corresponding fits
for 2 never gave more than 15% Mn(IV), consistent in both
cases with the proposed oxidation state assignments. Simi-
larly, fits of 1 using a linear combination of Mn(II) and Mn-
(IV) models were ca. 50% better than fits using a linear
combination of Mn(II) and Mn(III). Comparable behavior
was seen for2, where fits using Mn(II)+ Mn(III) were ca.
70% better. These results suggest that, at least in some cases,
it is possible to define not only the average oxidation state
but also the distribution of oxidation states using XANES.
Although the estimated accuracy for overall oxidation state
determination is relatively poor (2.7( 0.2 for average
oxidation state), there is nevertheless a clear difference in
the quality of the fits when the correct oxidation state mixture
is used. This, when combined with techniques such as EPR
that can distinguish between even and odd numbers of
unpaired electrons, is sufficient to define the oxidation state
of complex multinuclear aggregates such as found in OEC.

Understanding the oxidation states and structure of S0 in
the OEC is second in importance only to defining the chem-
istry of the S4 state that is responsible for water oxidation.
This is because S0 is the product state of the cycle. Using
XANES spectroscopy, Klein et al.21 made the assignment
of the S0 oxidation level as MnIIMnIIIMnIV

2. We felt that it
was important to prepare complexes that contained both MnII

and MnIV in order to assess whether XANES could properly
assign oxidation states for a complex containing a MnII, MnIV

environment. Our XANES data show that an accurate oxida-
tion assignment of the MnIIMnIVMnII cluster can be obtained
and that MnIII can clearly be eliminated as a reasonable for-
mulation. We infer from this work that XANES should be able
to discriminate the MnIIMnIIIMnIV

2 composition for the OEC.
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eV.
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fit using IFFEFFIT (Newville, M.J. Synchrotron Radiat.2001, 8,
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Figure 3. XANES spectra of1 and2 (1 solid line, Cl- analogue dashed
line, 2 dotted line). The edge for2 is narrower, starting at higher energy
but maximizing at the same energy.
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