An extended X-ray absorption fine structure study of bis(pn-oxo)
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An X-ray absorption spectroscopic study was made of seven different manganese co-ordination compounds, six
of which are dinuclear and contain the structural bis(p-oxo) unit. In all the compounds each manganese is ligated
by one crown ether Schiff-base moiety. Alkali- or alkaline-earth-metal cations were introduced into this crown
ether moiety in dinuclear complexes, bringing the cations (Na*, K*, Ca?* and Ba") into the vicinity (<4 A) of the
manganese. The position of the X-ray absorption edge follows the order expected for the different oxidation states
of manganese: 6551.6 eV for a manganese(iir) monomer, 6552.1 eV for a Mn™Mn'(u-O), dimer and 6553.5 eV
for a manganese(1v) dimer. Analysis of the extended X-ray absorption fine structure of the compounds yielded
information about the immediate ligation to manganese. The first shell consists of light atoms (O/N) and is
composed of two sub-shells, with average distances of 1.9 A and 2.3 A from the Mn. The dinuclear compounds
clearly show the characteristic 2.7 A Mn—-Mn distance. In the cation-containing compounds a manganese—metal
distance of approximately 3.6 A is found. The introduction of Ba?* in the crown ether moiety induces substantial
changes in the ligation pattern of the light elements. The properties of the compounds provide a model for
discussion of the properties of the photosynthetic manganese complex, and the role and position of the Ca**

cofactor.

Photosynthetic water oxidation is a process carried out by Photo-
system II, PS II, a membrane-bound pigment—protein complex
found in plants and cyanobacteria. Four electrons are removed
from two water molecules to produce molecular oxygen. Since
the process is driven by a single photon/electron charge separ-
ation event in the reaction centre of PS II, the water oxidation
complex must be able to accumulate four charge equivalents. It
was postulated '? that the complex cycles through five oxidation
states, labelled S,, n = 0-4, with oxygen being evolved as S, is
converted into S,.

A manganese complex, most probably containing a cluster of
four manganese atoms,’ is thought to be responsible for elec-
tron abstraction and/or charge accumulation leading to water
oxidation. This cluster, together with cofactors such as Ca**, Cl~
and amino acids from the surrounding protein, is termed the
water oxidation complex of PS II. Despite extensive spectro-
scopic studies using a wide variety of techniques, many basic
questions concerning its structure and function remain
unanswered. Studies of the structure are hampered by the lack
of PS II crystals of X-ray-diffraction quality. The only method
giving direct structural information about this complex is
extended X-ray absorption fine structure (EXAFS) spectro-
scopy. In addition, X-ray absorption spectroscopy provides
information about the oxidation state of the absorbing metal
(XANES, X-ray absorption near edge structure).** Many other
spectroscopies have proven useful in providing complementary
data. Our present understanding of the structure of the water
oxidation complex can be summarised as follows: two 2.7 A
Mn—Mn interactions, together with a short manganese-light

+ Based on the presentation given at Dalton Discussion No. 2, 2nd-5th
September 1997, University of East Anglia, UK.

Non-SI unit employed: €V = 1.60 x 107" J.

atom distance of 1.85 A, characteristic of two bis(p-0x0)
bridged manganese dimers, present in all reported EXAFS
data.*® Another shell of light atoms is often required for the
fit, with a distance from Mn ranging from 1.9 to 2.3 A.”*6 This
shell represents the terminal first-shell ligands to the manganese
(not participating in the p-oxo bridge). In addition to these
shells for which there is general agreement, a third ligand shell
at >3 A has been described. It is best fitted with a manganese—
metal interaction but the reported distances as well as the inter-
pretations differ: (1) a single Mn '®* or Ca?* ion?at 3.3 A; (2) a
single Ca®* ion at 3.7 A;>" or (3) a combination of both man-
ganese and calcium at 3.3 A;*® and, most recently, (4) a Ca**
ionat3.4-3.5A.1

The reaction of manganese(l) co-ordination compounds
with molecular oxygen is still a relatively unexplored area.'®2' It
is known that some manganese(ir) compounds induce cleavage
of the O=0O double bond producing oxo-bridged dimers,
Mn™,(u-O) and Mn"V,(u-O), complexes, and larger clusters. If
one understands how the O=0 bond cleavage process proceeds,
then by the principle of microscopic reversibility insights are
gained as to how O, might be derived from H,O in the water
oxidation complex of PS II. In general, however, the formation
pathway to these compounds is not well understood and small
changes in reaction conditions can lead to quite different com-
plexes. For example, we have observed incomplete oxygen-
transfer reactions?*?* from bis(u-oxo) dimers to manganese(ir)
monomers leading to tri- or tetra-metallic oxo-containing clus-
ters when the dimer and the maganese(l1) monomer are both
soluble in the reaction medium.?* In contrast, when the dimer
precipitated during the reaction, pure bis(u-oxo) dimer was
isolated. The larger clusters may be relevant, at least from a
structural point of view, to the tetramanganese water oxidation
complex,”?” while the dimers are interesting because they cata-
lyse the important H,O, disproportionation reaction.?-

J. Chem. Soc., Dalton Trans., 1997, Pages 40754082 4075


http://dx.doi.org/10.1039/a700044h

Fig. 1 Structural representations of the manganese co-ordination
compounds studied (a) [Mn™(SALPN)]PF,, (b) [{Mn"(SALPN)-
(1-0O)},]. The two crown ether moieties in (») can each contain one alkali/
alkaline-earth-metal cation (Na*, K*, Ca*>* or Ba?")

In this study we have characterised, by means of EXAFS and
XANES spectroscopies, seven different manganese complexes
containing crown ether moieties as a portion of the ligand
structure. Schematic representations of the mononuclear man-
ganese(i) and dinuclear Mn",(u-O) compounds used in this
study are shown in Fig. 1. The manganese(1) centre is ligated
by the 3,3’-17-crown-6-SALPN ligand (referred to as SALPN
throughout for brevity) in what is assumed to be the typical
square-planar geometry found for other manganese(1r) Schift-
base complexes,’’ Fig. 1(a). In contrast, the manganese(Iv)
dimer is presumed to have the ligand in the cis-f configuration,
as found for the [{Mn"™(SALPN)(u-O)},] analogue,**** Fig.
1(b). We have shown3* that the dimer readily incorporates
alkali- and alkaline-earth-metal cations into the crown ether
portion of the ligand and in this study we have found that the
cations are close (<4 A) to the manganese centres. Every crown
ether moiety incorporates a single cation, so that a 1:1 stoi-
chiometry to Mn is maintained in all the compounds. In
addition to the Mn",(u-O), dimer compounds, a mixed-valent
Mn™Mn"(u-O), compound containing Ba>" as the cation in
the crown ether moieties was studied. For simplicity we will use
the following names for the compounds shown in Fig. 1: (a),
Mn(SALPN); (b), bis(u-0x0) or bis(u-0x0)-2Y (Y =Na*, K¥,
Ca®* or Ba?"). Unfortunately, we were not able to produce
a bis(u-oxo) compound with Sr** present in the crown ether
moiety. These compounds were judged to be good models for
the manganese cluster of the water oxidation complex and a
comparison was made of the structural parameters and oxid-
ation states of the complex and the model compounds.

Results

Synthesis of the cation-free Mn",(u-O), dimer involved oxid-
ation of the manganese(11) form with O, in CH;CN. This reac-
tion was complete within approximately 5 min. The dimer pre-
cipitated from solution and was isolated in 80-90% yield. This
procedure, which is a straightforward adaption of a method
used to prepare Schiff-base bis(p-oxo) dimers not possessing
the pendant crown ether group,? relies on the low solubility of
the dimer to prevent subsequent intermetal oxygen transfer
reactions with unoxygenated Mn™. Insertion of the alkali- and
alkaline-earth-metal cations proceeds smoothly upon addition
of 2 molar equivalents of the appropriate salt to a slurry of the
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Table 1 Positions of the X-ray absorption edge of the manganese
compounds

Compound Oxidation state Edge position/eV
Mn(SALPN) 1 6551.6
bis(p-0x0) v, IV 6553.5
bis(u-0x0)-2Na* v, IV 6553.4
bis(p-0x0)-2K* v, IV 6553.7
bis(p-ox0)-2Ca** v, IV 6553.7
bis(u-oxo)-2Ba** IV, IV 6553.2
bis(u-oxo)-2Ba** 0L, 1V 6552.1

The location of the first inflection point was determined as the maxi-
mum of the first derivative of the edge region (6440-6560 eV). Energy
calibration was based on the position of the sharp pre-edge peak of
KMnO, at 6543.3 eV. No smoothing or filtering functions were applied.
The monochromator resolution was 0.1 eV. Estimated error maximum
+0.2eV.

dimer in CH;CN. The one mixed-valent compound examined
in this study was prepared by reduction of bis(u-oxo)-2Ba>*
with [Fe(n-CsMes),] in CH;CN and then the solvent was removed
in vacuo. After redissolving the reduced dimer in CH,Cl, it was
precipitated by the addition of light petroleum (b.p. 40-60 °C).
Electrochemical measurements showed no evidence for [Fe(n-
C;Mey),] or [Fe(n-CsMes),] ™ in the sample.

The values of the manganese K-edge energies of the com-
pounds are given in Table 1. The value for the Mn(SALPN)
compound, containing Mn™, is 6551.6 eV, while for the Mn'-
containing compounds the average value is 6553.5 eV. The
edge energy of the only Mn™Mn"" compound is intermediate
between those two, at 6552.1 eV.

Raw EXAFS data and the respective Fourier transforms for
Mn(SALPN), bis(u-oxo) and bis(n-0x0)-2Y compounds are
shown in Fig. 2. The Fourier-filtered data together with the
corresponding fits are shown in Fig. 3. The full parameter sets
for the fits to the Mn(SALPN) and bis(p-oxo) compounds are
given in Table 2. The first peak in the Fourier transforms, at
approximately 1.9 A, represents light atoms directly bound to
manganese. It is composed of two sub-shells, which consist of
oxygen and nitrogen atoms. The shell was modelled with nitro-
gen being responsible for the sub-shell at the longer distance.
However, it must be stressed that EXAFS cannot distinguish
between the elements of similar atomic number. This peak is
narrower and centred at slightly longer distances for Mn-
(SALPN) as compared to the compounds with the bis(p-oxo)
core. For the latter the two sub-shells are wider apart, with the
first distance shortening to 1.86 A [compared to 1.94 A in
Mn(SALPN)] and the second lengthening to 2.36 A [2.3 A in
Mn(SALPN)]. The bis(u-oxo0)-2Ba** compound shows a com-
pletely changed environment in the first shell of ligands: the two
sub-shells are even wider apart and are resolved separately, due
to a drastic shortening of the distance of the first interaction to
1.69 A. The stoichiometry of the co-ordination is changed as
well. The second peak in the Fourier transform of Mn(SALPN)
is very broad and it also consists of two sub-shells of light
atoms, at distances of 2.92 and 3.29 A. In the compounds with
the bis(p-oxo) core the interactions contributing to this peak
are resolved into two separate peaks or a peak and a shoulder.
The shorter of the two interactions, ~2.7 A, represents the
Mn—Mn interaction while the longer originates from a shell of
light atoms in the bis(p-oxo) compound at 3.24 A. In the bis(p-
0x0)-2Y compounds this longer shell is best fitted with the
manganese-metal cation interaction and its distance is
increased to 3.6 A. One more shell of light atoms can be fitted
at longer distances, 3.8-4.1 A. The fit containing five shells is
still significant, as can be seen from the number of independent
points in the data (see Table 2).

In all the compounds containing a bis(p-oxo) core mentioned
above both manganese centres were in the +4 oxidation state.
In addition to these, we studied a mixed-valent Mn™Mn" (p-


http://dx.doi.org/10.1039/a700044h

VL L L L L

LA B L RN M T
2 4 6 8 10 12 0 1 2 3 4 5

k space vector/A” distance/A

Fig. 2 Background-subtracted, k*-weighted raw EXAFS data (left)
and Fourier transforms (right) for (¢) Mn(SALPN), (b) bis(u-oxo), (¢)
bis(u-0x0)-2Na*, (d) bis(u-0x0)-2K™, (e) bis(u-ox0)-2Ca**, (f) bis(p-
0x0)-2Ba*" and (g) Mn"™Mn'Vbis(u-0x0)-2Ba*" compounds. The y axes
for all the Fourier transforms are uniformly scaled (maximum 1.1)

0), compound with Ba®* in the crown ether moiety. The raw
EXAFS data and its Fourier transform for this compound are
shown at the bottom of Fig. 2, while the Fourier-filtered data,
their Fourier transforms and the theoretical fits are displayed in
the lower part of Fig. 3. Again, as for the Mn",(u-O), com-
pound, the immediate manganese ligands are resolved in two
shells, the first of which is at a very short distance of 1.72 A.
The intensities of the first two peaks indicate a smaller number
of ligands in the first shell. The third peak, at 2.94 A, represents
the Mn—Mn interaction. As compared to the Mn", compound,
Ba?" is, at 4 A, more distant from the manganese while the shell
of light atoms has moved closer, to 3.9 A from the Mn. The fit
parameters for the Mn™Mn"Vbis(u-oxo0)-2Ba** compound are
given at the right-hand side of Table 2.

The data in Table 2 show that the distances between Mn and
alkali/alkaline-earth-metal cations vary around 3.6 A for the
bis(p-0x0)-2Y compounds, which is similar to the distance
reported for a manganese-metal interaction in PS II, where the
metal could be Mn or Ca?". In order to test for the sensitivity of
EXAFS to the ligand type, we carried out a fit in which manga-
nese was assumed to be responsible for the 3.6 A interaction in
the bis(u-ox0)-Ca*" compound. The fit to the Fourier-filtered
isolate of this shell assuming one Ca®" has a fit index (FI) 8%
better than that with one manganese.

Discussion
XANES

The position of the X-ray absorption edge is characteristic of
the absorbing element, and within a few eV of its oxidation
state and the electron density distribution. Owing to the latter,
it is not possible to make straightforward comparisons of
oxidation state between complexes with different ligation to the
same central ion. The compounds studied here exhibit the same
ligation pattern to the Mn. As can be seen in Table 1, the most
obvious change in the position of the X-ray absorption edge, of
approximately 2 eV, is found between the values for Mn(SALPN)
and bis(n-0x0)-2Y compounds. This is easily explained by the
difference in the oxidation state of the Mn atoms in these com-
pounds (Mn™ and Mn'V,, respectively). The introduction of the
metal cation in the crown ether moiety has little effect on the
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Fig. 3 Fits to Fourier-filtered k*-weighted EXAFS data (left) and cor-
responding Fourier transforms (right) for (¢) Mn(SALPN), (b) bis(u-
0x0), (c) bis(u-0x0)-2Na*, (d) bis(u-0x0)-2K ™, (e) bis(p-0x0)-2Ca**, (f)
bis(u-0x0)-2Ba*" and (g) Mn™Mn'Vbis(u-0x0)-2Ba** compounds. The
continuous line represents experimental data and the dashed line the
fitted model. For fitting parameters see Table 2. The y axes for the
Fourier transforms have been uniformly scaled to allow direct
comparison

position of the edge for the bis(p-oxo) compounds. These vari-
ations are small (almost on the limit of the experimental error)
and do not seem to show a clear tendency. The bis(u-oxo)
Mn™Mn" compound shows an intermediate edge position
as compared to Mn(SALPN) (Mn™) and bis(u-oxo)-2Ba**
(Mn'Y,). This fits well with the proposal that the le~ oxidation
of Mn results in an approximately 2 eV shift of the absorption
edge for mononuclear manganese compounds,* while for com-
plexes containing multiple Mn atoms the edge position reflects
the average redox state and is influenced by the nuclearity of the
complex (see discussion in ref. 36).

EXAFS of the Mn(SALPN), bis(n-0xo0) and bis(p-0x0)-2Y
compounds

Raw EXAFS data for Mn(SALPN), bis(p-oxo) and bis(p-o0xo)-
2Y (Fig. 2) show a remarkable lack of features beyond 3 A.
This might be a consequence of a compact Mn,O, core due to
the bis(p-oxo) bridge and therefore overlapping of different
interactions leading to fewer, broad peaks. Fourier-filtered data
and the best fits are shown in Fig. 3, while the parameters of the
fits are summarised in Table 2.

The first two shells can be seen as separate in the Fourier
transforms of the raw data (Fig. 2), while they appear as a
single broad peak in the Fourier-filtered data, Fig. 3. From the
distances of 1.9 and 2.3 A it is clear that these shells represent
the oxygen and nitrogen atoms directly bound to manganese.
The assignment of the distance of 1.9 A to oxygen and 2.3 A to
nitrogen is purely arbitrary, for reasons described above. All of
these shells should strictly be considered as originating from O,
N or C or their combination. However, the position of the first
peak in the Fourier transforms at the distance of 1.9 A is likely
to correspond to a Mn'v-O distance, as nitrogen is known to
build longer bonds *’~** and may therefore be assigned to the 2.3
A distance. The variation in bond length for O/N atoms bound
to a Mn in oxidation state +4, as in bis(p-oxo) compounds,
would be expected to be of the order of 0.1 A (1.85vs. 1.95 A).
The significantly larger difference here is most likely due to
distortions in the octahedral geometry of ligand binding. The
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Table 2 The EXAFS fit parameters for the MnL bis(p-oxo) and bis(p-0x0)-2Y compounds

2+

bis(p-oxo)-Ba’

Mn(SALPN) bis(u-oxo) bis(u-oxo0)-Na* bis(u-oxo0)-K* bis(p-oxo)-Ca?* Mn"™ Mn"™"Mn"Y
Shell Atoms  r/A o Atoms  r/A o Atoms  r/A o Atoms r/A o Atoms 1A o Atoms  r/A o Atoms  r/A o
1 40 1.94 0.011 40 1.84 0.012 40 1.88 0.010 40 1.86 0.010 40 1.87 0.010 40 1.69 0.009 20 1.72 0.005
2 3N 2.30 0.005 3N 2.34 0.007 3N 2.37 0.007 2N 2.36 0.006 2N 2.36 0.002 6N 2.28 0.005 3N 2.28 0.007
3 40 2.92 0.009 0.5Mn 260 0.011 0.5Mn  2.77 0.002 0.5Mn  2.75 0.007 0.5Mn  2.77 0.005 0.5Mn  2.62 0.002 IMn 2.94 0.003
4 4C 3.29 0.006 40 3,24 0.011 1Na 3.55 0.025 1K 3.71 0.009 1Ca 3.63 0.013 1Ba 3.59 0.002 60 3.93 0.010
5 20 3.81 0.010 4C 3.59 0.008 20 4.15 0.017 20 4.18 0.010 20 4.18 0.004 60 4.04 0.007 1Ba 4.05 0.013
FI 0.12x 1073 0.2x1073 0.2x1073 0.3x1073 02x1073 0.3x1073 0.21 x 1073
R 10.8 13.7 16.1 18.8 154 17.1 13.5
N; 14.6 14.5 17.0 16.9 16.9 17.1 17.6
€ 0.88 x 107°° 1.51 %1073 1.04 x 107 2.50 x 107 1.61 x10°° 2.17%x10°° 1.45%x10°°

v

Fitting was carried out on the data Fourier filtered in a k space window of 3.5-11.5 A~!. Estimated errors: for the distances +0.02 A for the first and <2% for the other shells; co-ordination numbers + 30% for the first shell,
up to 40-50% for the last; Debye—Waller factors £30%. The parameters describing the goodness of the fit are defined in the Experimental section.
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values are very similar to ones reported for manganese com-
plexes whose structure was determined by X-ray crystallo-
graphy,*™*® with two (axial) manganese-ligand bonds being
longer than the other, at 2.15-2.30 A. The distance of the first
shell is most probably an average between the shorter p-oxo
bridge oxygen (usually about 1.80 A), the other oxygens (1.85
A) and nitrogen (1.9-2.0 A). The Debye-Waller factors for this
shell are slightly higher than expected which most probably
reflects the spread of distances. Bearing in mind the limitations
of EXAFS (up to 30% error in co-ordination number), the
number of ligands to each manganese in the first two shells
totals to six, in agreement with the structure in Fig. 1(b).

The effect of the manganese oxidation state on the bond
length for the first sub-shell of ligands is clearly visible in Table
2. The Mn—O distance for bis(pu-0x0):2Ba*" compounds can be
directly compared: the 1.72 A distance for the Mn™Mn'Y com-
pound is shortened to 1.69 A in the Mn'Y, compound which is
in agreement with a higher oxidation state.”® Although the
accepted precision limit for distances is %0.02 A, the statistical
error of the fit of +0.002 suggests that this difference in bond
lengths may be significant.

The second peak in the EXAFS of the bis(p-0xo0) compounds
is described very well by a Mn—Mn separation of 2.7 A. This
distance agrees very well with the values determined in crystal-
lographic studies of other bis(pu-oxo) bridged manganese co-
ordination compounds.***** The fact that the number of
Mn—Mn interactions is best approximated with 0.5 is in agree-
ment with the molecule containing a single Mn—Mn distance
(both centres detect the same interaction), see refs. 9, 11 and 45.
This distance is subject to slight changes upon the introduction
of a metal cation in the crown ether moiety. In the bis(p-
0x0)-2Y compounds the Mn—Mn distance is consistently great-
er by 0.1 A than in the cation-less bis(j-oxo) compound. The
only exception to this is bis(u-oxo0)-2Ba**, which shows further
important distinctions to the others and will be discussed in
more detail below.

The third peak in the Fourier transforms in Fig. 3 is modelled
by two shells of light atoms (4 O at 3.24 A and 4 C at 3.59 A) in
case of the bis(nu-oxo) compound. The third peak is shifted
somewhat to the longer of these two distances in the bis(p-
0x0):2Y compounds and best modelled with a single
alkali- or alkaline-earth-cation. In most of the Fourier trans-
forms there is a small peak or shoulder still visible at approxi-
mately 3.3 A. While this feature can be fitted with a shell of
light atoms, it results in an overdetermined fit (the number of
parameters is too many for the number of points) and so it was
not included in the model. Although the amplitude of the third
peak in the Fourier transforms is small, its significance becomes
clear when fits without this shell are analysed. Both the para-
meters, FI and ¢? clearly deteriorate (30-110%) when the
manganese—cation interaction is omitted from the fit. The &2
parameter accounts for the changes in the ratio of the number
of variable parameters vs. the number of independent points for
these fits (see Experimental section).

All of the bis(p-oxo) compounds, except bis(u-oxo)-2Ba*,
have a fourth, final shell that could be fitted with two oxygen
atoms at 4.2 A. The bis(p-ox0)-2Ba?* dimer has a higher num-
ber of light atoms that seem to contribute to this shell and the
shell is at a slightly shorter distance (4.0 A). When a model
without this last shell of light atoms was fitted to the data the
quality of the fit decreased by 10%, indicating that this shell is
significant.

The Mn"v,bis(u-0x0):2Ba** compound shows important
departures from the ligation pattern common for other bis(p-
0x0)-2Y compounds (Table 2). The first shell shows a clearly
greater number of ligands at the 2.3 A distance (six instead of
two). A determination of the co-ordination number by EXAFS
has a substantial error, but the increase in intensity of the sec-
ond peak in the Fourier transforms (Fig. 3) is obvious, and can
only be accounted for by an increased co-ordination number,

since the values of the Debye—Waller factors are comparable
(see Table 2). This distance (2.3 A) is very short and implies
direct binding to manganese. Since it is difficult to imagine such
a large number of ligands being directly co-ordinated to man-
ganese, this increase in co-ordination number might be
explained with a part of the second shell of light ligands being
positioned closer to the manganese. However, the Debye—
Waller factor is reasonably small, indicating a fairly ordered
shell. Therefore, a potential explanation might be that Ba**
binds to multiple water molecules possibly bringing them close
to the Mn,0O, core. This behaviour may be related to the high
co-ordination numbers that are often found for barium com-
pounds. Combustion analysis of the bis(u-oxo)-2Ba*" com-
pound is consistent with five water molecules per dimer.**
Another very important difference in the first shell of bis(u-
0x0)+2Ba*" as compared to other bis(u-0x0)-2Y compounds is
the surprisingly short first Mn—O interaction of 1.69 A, visible
in Fig. 3 as a clear shift of the first peak in the Fourier trans-
forms to shorter distances. This indicates that a substantial
alteration in the nature of the bonding of the very first shell of
ligands has occurred. The value of 1.69 A is identical to that
reported by an EXAFS study of a different manganese-model
compound,* and which was assigned to a Mn=0 interaction.

In addition to the bis(n-0x0)-2Y compounds discussed above
which contained both manganese atoms in the +4 oxidation
state, a heterovalent dimer was investigated, with a Mn™Mn'Y
core and a Ba atom in the crown ether moiety. Both the raw and
Fourier-filtered EXAFS show significant differences from those
of the other bis(p-oxo) compounds and these are highlighted by
comparison of the fitting parameters in Table 2. As in the case
of the Mn", compound, the two sub-shells representing the
ligands directly bound to Mn are split into two distinct peaks in
the Fourier transform. The distance of the first sub-shell (1.72
A) is very short, compared to the normal Mn™- or Mn"-O
bond length, indicating a considerable change in the type of
bond between Mn and its immediate ligands. However, a com-
parison of the Mn",bis(u-oxo0)-2Ba** and Mn™Mn"Vbis(u-
0x0)-2Ba*" complexes reveals a 0.03 A increase in the bond
length in this first sub-shell. It is likely that this is a significant
increase because bond lengthening would be expected to occur
upon reduction of the dimer. A further distinct feature of the
EXAFS of the Mn™Mn"bis(u-o0x0):2Ba*" compound is the
lower co-ordination numbers for both the sub-shells of the first
shell of ligands, compared to those of the Mn",bis(p-
0x0)+2Ba** compound. This could be explained by the reduced
charge of the mixed-valent dimer, causing a loss of some water
molecules. This is also clearly visible in the intensities of the
first two peaks in the Fourier transforms (Fig. 3) which are
almost halved as compared to those of the Mn",bis(u-
0x0)-2Ba** compound. The third shell which originates from
the Mn—Mn interaction is at a considerably longer distance,
2.94 A. The effect of the sequential protonation of the bis(u-
0x0) oxygens on the Mn—Mn distance was studied by EXAFS*
in [{Mn"™(SALPN)(u-OH)},][CF;SO;], and a Mn—Mn distance
of 2.93 A was reported for the bis(u-oxo) bridge in which both
the oxygens were protonated. However, the charge structure of
the Mn"™Mn"Vbis(u-ox0)-2Ba*" compound makes it unlikely
that protonation could occur. The Fourier-transfer peak corre-
sponding to this shell is apparently more intense than in the
other bis(p-0x0)-2Y compounds. This enhanced intensity might
be only a relative change, caused by the lower intensity of the
first two peaks. However, attempts to fit this shell with 0.5 Mn—
Mn interactions resulted in negative Debye—Waller factors. The
longer distance and lower co-ordination number seem to indi-
cate a change in the manganese core structure. Another charac-
teristic of this compound is the longer distance of the Ba®*
cation to the Mn, at 4 A. All these features seem to indicate that
the structure of the Mn™Mn'Vbis(p-0x0)-2Ba®* compound is
somewhat less compact than that of the other dinuclear man-
ganese compounds studied here.
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Comparison with Photosystem II

In the view of our present knowledge of the structure of the
manganese cluster of PS II the compounds with the bis(i-0x0)
core examined here are directly relevant as structural models.
The present study reveals several features common to both.
First, the distance of the first shell of light elements to Mn and,
more interestingly, the fact that the first shell is split into two
sub-shells are both very similar to the behaviour of PS II (see
Introduction). This splitting of the first ligand shell is most
probably due to an octahedral geometry for Mn in which the
two bridging oxygens provide the shortest bonds, the two other,
in-plane ligands somewhat longer bonds (especially if they are
nitrogen) and the two axial ligands the longest first shell bonds
(2.2-2.3 A) (for a typical crystal structure, see Palaskin e al.*)
resulting in the reported bond-length spread. Secondly, the
Mn-Mn distance of approximately 2.7 A as a characteristic of
the bis(p-oxo) structural motif is present in both the model
compounds and PS II. This indicates that the immediate sur-
roundings of the manganese centres are quite similar in both
cases, which could imply a similar electron density distribution
and allow for edge-position comparisons. The positions of the
absorption edge for the Mn", compounds agree surprisingly
well with those reported for manganese in the S, state of the
water oxidation complex of PS I1.*® On the other hand, the edge
position of the manganese(iir) compound [Mn(SALPN)] is in
very good agreement with that of the S, state of the water
oxidation complex.'”* This could imply that the S,—— S,
transition involves oxidation-state changes of two or more of
the four Mn atoms in the water oxidation complex, which is
difficult to reconcile with our knowledge of the water oxidation
process, in which each S state transition reflects a single electron
transfer. However, it should be noted that the reported edge
position values for the S; and S, states have varied considerably:
Klein and co-workers have reported values ranging from
6550.4 eV to 6551.7 eV for S; and 6552.2-6553.5 eV for S,.9-2
Our results show less variation: 6551.6-6551.8 ¢V for S,, and
6552.6-6553.6 ¢V for S,."7*® Low values of 6550.2 eV for S, and
6551.2 eV for S, were reported by Ono et al.>

It is known that at least one Ca®" is present in the vicinity of
the PS II manganese cluster. However, considerable uncertainty
exists about its probable distance from the Mn (see Introduc-
tion). Two recent studies highlight the uncertainties connected
with detecting the Ca?* contribution, both based on the
replacement of Ca®* with an element with a larger atomic num-
ber (Sr or Tb), making it easily detectable in EXAFS. However,
quite different conclusions were reached: Latimer et al'®
determined a Mn—Ca?* distance of 3.46 A, while Hatch et al.'¢
and Riggs-Gelasco et al.® inferred that there was no Mn—Ca**
interaction at distances shorter than 4 A. One aspect of this
problem is that EXAFS cannot distinguish between elements
with similar atomic number. Another Mn atom (Z=25) at a
distance of >3 A would be very difficult to distinguish from a
Ca (Z =20).

The manganese—cation distances found for the model com-
pounds in this study are very similar to that proposed for PS II,
so we decided to determine to what degree this limitation is due
to the method and how much is due to the low signal-to-noise
ratio of the PS II samples. Since we know that in the model
compounds only one Mn—Mn interaction is present, the other
manganese-metal interaction is clearly assigned to Ca [in the
case of bis(n-0x0)-2Ca?*]. It is a significant shell, since its
removal from the simulation leads to a >30 % increase in the FI.
Moreover, this ~3.6 A peak cannot be described well with a
single shell or combinations of shells of light atoms (data not
shown). So, in so far as the model compound is considered, it is
clear that this peak originates from Ca?" and is well modelled
by Ca®*. The question is, would it be possible to distinguish it
from a putative Mn. To address this problem, a fit (overall and
of the Fourier-filtered single-shell isolate) was run, replacing
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Ca?" for Mn. The FI is about 8% smaller in the case of Ca?*,
indicating a better fit with Ca®*, but only just above the limit of
significance (usually considered to be 5%). This demonstrates
that, even with an extremely good signal-to-noise ratio, it is dif-
ficult to make a distinction between elements with similar atom-
ic number and that this limitation is intrinsic to EXAFS. This
uncertainty is limited to elements belonging to the same row in
the Periodic Table: an attempt to fit this shell with Na or Ba in
the place of Ca results in an increase of more than 40% in the
FI parameter, giving a clearly poorer fit.

It is well documented that the removal of the Ca** influences
both functional and structural properties of the water oxidation
complex.® There seems to be no pronounced alteration in the
edge position upon cation exchange in the model compounds,
while some studies of edge measurements for PS I samples that
had been depleted of Ca** (effectively Na™ substituted) report a
significant decrease in edge energies'™* which was reversed
upon reconstitution with Ca®*.%* This reversal is confirmed in
an account of PS II particles reconstituted with either Ca** or
Sr**, resulting in edges which were very similar to the native
ones.*"® Furthermore, Latimer et al'® report an edge shift
between the Ca**- and Sr**-reconstituted preparations of only
0.2 eV, similar to differences found between model compounds
of the bis(p-oxo) series. This would seem to indicate that the
presence or absence of Ca®* has a bigger impact on the
manganese-core in the water oxidation complex than the cat-
ions in the above model compounds, but the exchange of cat-
ions does not lead to any structural reorganisation. This could
indicate an electrostatic, rather than structural, role for Ca in
the water oxidation complex: there doesn’t seem too much per-
turbation on introducing another cation, as long as the charge
is preserved, but significant change occurs with change of
charge. However, in the case of the cations in the model com-
pounds, a more structural role might be proposed, on the basis
of the remarkable effect of Ba**.

Experimental

Synthesis of [Mn"!(3,3’-17-crown-6-SALPN)]PF, and
[{Mn"(3,3'-17-crown-6-SALPN)(u-0)},]

The synthesis of the manganese(1i1) monomer and the Mn",(p-
0), dimer containing the ‘crown-6" Schiff-base ligand and the
insertion of Na*, K*, Ca?* and Ba?" into the crown ether moi-
eties in the dimer were conducted as previously described.**

EXAFS Spectroscopy

The EXAFS measurements were carried out at the CLRC
Daresbury Laboratory, UK. The spectra were collected in
transmission mode on Station 8.1 equipped with a slitless
Si(111) double-bent crystal monochromator and a toroidal
focusing mirror. Ion chambers filled with an Ar-He mixture were
used as detectors. The beam energy was 2 GeV with an average
beam current of 150 mA. Harmonic rejection was achieved by
offsetting the first monochromator crystal, while retaining 70%
of the incoming beam. Energy calibration was based on the
position of the sharp pre-edge peak of KMnO, at 6543.3 eV. A
scan of KMnO, was recorded every 6-8 h.

The powder samples were diluted with appropriate amounts
of boron nitride and mounted on tape to obtain an absorption
coefficient (,) between 1.5 and 2.5. Each scan lasted approxi-
mately 1 h and the samples were kept at room temperature.
Three scans were taken for each compound and summed.

Data analysis

The manganese K-edge energies were determined by taking the
first inflection point of the edge of absorption (maximum of the
first derivative). No fitting or smoothing functions were
applied.

The data were processed using programs developed at the
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Daresbury Laboratory. The signal was divided by the intensity
of the incoming X-ray beam (/) and energy calibration per-
formed using the EXCALIB program. The background sub-
traction was performed employing the EXBACK program: pre-
edge background was subtracted using a polynomial function
of the first degree, while for the post-edge three coupled third-
degree polynomials were used. Finally, the EXAFS, presented
in k space and weighted by &°, was analysed using EXCURVE
92. This program calculates the theoretical EXAFS for a given
set of parameters by the application of the fast curved wave
theory and the Hedin-Lindquist description of the exchange
potential. The theoretical model parameters are fitted to the
experimental EXAFS by a non-linear least-squares routine.
The Fourier transforms of both the experimental and theor-
etical EXAFS functions were used for model building and vis-
ual determination of the quality of the fit. Data analysis was
performed in k space, both on raw data and on data Fourier
filtered by applying a window function from 0.7 to 4.5 A. The
structural models were compared using the criteria for the
goodness of the fit recommended by the International Work-
shop on Standards and Criteria in XAFS.** These include the fit
index, FI, defined as™®* in equation (1), the agreement fact R

N
FI=2 16 [Yexp(kD) = Yineor(K))* )]
[equation (2)] and &2 a reduced x> function [equation (3)],

N
R =2 1/6{[1exp(Kd) — Keneor(k] ¥ 100% (@)

N
8\'2 = 1/]Vind - P(de/N>2 1/Gi2[%exp(ki) - xtheor(ki)]2 (3)
where N4 is the number of independent points [equation (4)]

Nind = 2(rmax - rmin)(kmax - kmin)/TC (4)
and p is the number of parameters. Different combinations of
O, N and C atoms were fitted to the light atom shells. However,
EXAFS is not sensitive enough to distinguish between the
back-scattering amplitude from elements with very similar
atomic number, Z. This is especially true for C, Nand O (Z =6,
7 and 8, respectively). Therefore, it can only be concluded that
light atom shells consist of atoms from the first row of the
Periodic Table. The co-ordination number itself is subject to up
to 30-40% error. The approach adopted to fitting co-
ordination numbers was to vary them systematically in steps of
1 while the Debye-Waller factors, o =207 were refined to
obtain the best simulation (o is the root mean square deviation
in the interatomic distances).”® The values were in a good
agreement with the fits to the raw data, where co-ordination
numbers were left free.
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