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Abstract: For a series of MaCl coordination complexes the chlorine K-edge X-ray absorption spectra (XAS) have
been measured to probe chlorgmanganese bonding. Results show that in a series of mononuclear (single Mn)
compounds with Cl covalently bound to Mn, the intensity of the pre-edge feature increases in the drdeiMwH

< Mn"V. For a series of distorted cubane complexes (containing 4 Mn) with bridging and terminal Cl ligands, three
pre-edge features are seen. The pre-edge peak at lowest energy increases in intensity as more terminal Cl are included
in the compounds. The origin of these features in the edge spectra is described in terms of the symmetry and ligand
field splittings expected for the Mn complexes. The Mn model systems studied here have potential application to
the oxygen evolving complex (OEC) in Photosystem Il (PSll), where direct structural evidence for a halide binding
site on the Mn cluster in one or more S-states of the Kok cycle would be informative.

Introduction a characteristic pre-edge feature. It has been shown that the
pre-edge feature in the Cl K-edge spectrum is due to a forbidden
This paper describes how CI K-edge X-ray absorption 1s— 3d transition, which becomes partially allowed due to
spectroscopy (XAS) of manganese model compounds can bemixing of ligand p-orbitals with metal d-orbitats5 This pre-
used to probe GtMn bonding. X-ray absorption edge spec- edge feature is not present when chlorine is not ligated to an
troscopy has been used extensively at the K-edge of transitionppen shell transition metal.
metal centers such as Mn, Fe, Ni, Cu, and Mo. Recently, it  The Mn model systems studied here have potential application
has been demonstrated that the absorption edges of ligands sucty the oxygen evolving complex (OEC) in Photosystem II (PSII).
as S and Cl can be used to study the electronic structure of firstphotosynthetic water oxidation is catalyzed by a tetranuclear
transition series metal complexe$ and copper-containing  Mn cluster, known as the OEC, that is bound to the lumenal
metallo protein$. Earlier studies by DeRose found that the Cl  sjge of PS II (for recent reviews see ref 7). Bothr@hd C&"
K-edge of Mn-Cl model compounds was dependent on the are required in the native complex, and removal or substitution
oxidation state of Mif. The 3p orbitals of S and Cl ligands are  of these ions affects the ability of the OEC to advance through
directly involved in bonding with transition metal ions. Because the S-state intermediatésThe results of steady-state kinetic
the electric dipole-allowed transitions for K-edges are-isp, experiments have been interpreted to indicate a halide binding
ligand K-edge X-ray absorption spectroscopy provides a direct sjte on the Mn clustet® Despite a multitude of spectroscopic

probe of these ligandmetal bonding interactions. The K-edge  studies, direct structural evidence for such a site has not yet
absorption spectrum of Cl bound to an open shell metal shows peen reported.

T Abbreviations: FWHM: full width at half maximum; HOMO: highest A method that should qllow us to determine whether (?' IS
occupied molecular orbital; OEC: oxygen evolving complex; PS Il: bound to the Mn cluster is Cl K-edge spectroscopy. Direct
Photosystem II; XAS: X-ray absorption spectroscopy. ligation of Cl to Mn would be confirmed from Cl K-edge XAS
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Experimental Section

Synthesis and properties of M@-Melm)Cl,'° [2-Melm = 2-meth-
yl imidazole], Mr'(salen)CE! [Hosalen= N,N'-disalicylidene-1,2-
diaminoethane], MM(salpn)C},*? [H,salpn= N,N'-disalicylidene-1,3-
diaminopropane], MH(5-Cl-salpn)(CHOH),(0sSCFR)*3, Mn4OsCl
(O,CMe) (dbm)!>18[dbm = dibenzoylmethane], Mi®sCls(O.CMe)-

(py)s [py = pyridine]” and [HpykMn4O3Cl-(O.CMe)'® have been
previously described. MngKlH,O was of reagent grade, purchased
from Baker, and used as received.

Collection of Cl K-edge Spectra. Cl K-edge spectra were recorded
at the Stanford Synchrotron Radiation Laboratory (SSRL) using the
54-pole wiggler beamline 6-2, with a Pt-coated focusing mirror and a
Si(111) double crystal monochromator. Details of the setup have been
described earlier [see refs-B and references therein]. All Cl K-edge

spectra were collected at room temperature. The data were collected

as fluorescence excitation spectra with a Lytle detector. A small amount
of model compound (on the order @) was ground into a fine powder
and dispersed thinly over about 1 £on Mylar tape. The compounds

were run at successively lower amounts until a constant spectrum was

obtained, to avoid loss of resolution due to self-absorption of the sample.
Scans were run from 2710 to 3100 eV, with a step size of 0.08 eV
from 2810 to 2850 eV to obtain high resolution in the pre-edge and
edge region. For energy calibration the Cl K-edge spectra £ (@3l

Rompel et al.
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were run at intervals between the samples. The pre-edge position ofFigure 1. Normalized Cl K-edge X-ray absorption spectra of 'Mn

CsCuCl, was assigned to 2820.20 eV, based on the published ¥alue.
Reproducibility of the Cl K-edge energies in the above conditions has
been previously fouridto be £0.1 eV.

A pre-edge background was removed from all spectra by fitting a
straight line to the pre-edge region and subtracting this straight line
from the entire spectrum. Normalization of the spectra was ac-
complished by fitting a quadratic function to the data in the far post-
edge region and extrapolating to the energy of the first absorption
maximum, where the absorbance was set to unity. The pre-edge
positions for each Cl K-edge spectrum were initially determined from
the energy of the zero crossing of the first derivative. These values
were then refined by deconvolution of the spectra as described below.
The first inflection-point energy of the steeply rising absorption edge
was determined from the zero-crossing of the second derivative of the
spectrum. Analytical differentiation of a third-order polynomial fit to
the data over an interval of 1.5 eV on each side of a data point produced
the derivative spectra.

Fitting of Pre-Edge Peaks. The pre-edge peaks were fit with
EDG_FIT, written by Dr. Graham George of SSRL. The peaks are fit
to pseudo-Voigt functions, which are a combination of Gaussian and
Lorentzian shapes. The pre-edge peaks were best fit with a mix of
50% Gaussian and Lorentzian peaks with a line width ratio of 1:1. For
peaks under the edge, a 100% Gaussian lineshape was used. Th

(2-Melm)Cl,, Mn''(salen)Cl, Mi(salpn)Ch, Mn"Cl,:4H,0, and
[Mn"(5-Cl-salpn) (CHOH),]*. Arrows indicate pre-edge features,
whose energies are listed in Table 1.
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I
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Figure 2. Core structures of MaCl mononuclear model compounds,
Mn"(2-Melm)Cl,, Mn"(salen)Cl, M# (salpn)C}, and [Mn"(5-Cl-
salpn) (CHOH);]".

number of peaks to fit in the pre-edge and edge regions was determined

by the number of features in the second derivative. In addition, an
arctangent function was fit in the edge region to account for the increase
in continuum absorption. Fits were done using three energy ranges:
2818-2826, 2818-2828, and 28182830 eV. This was done because
the fits differ slightly depending on the energy range chosen for the
fit. Second derivatives of the fits were compared with second
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derivatives of the original data, and only fits whose shape and minima
in the second derivative corresponded closely with the original data
were accepted. Values for amplitude, energy, and half-width were
averaged for each compound from the acceptable fits (4 to 8 fits) using
the different energy ranges. Peak areas (intensities) were approximated
by the product of peak amplitude times the full width at half height.

Results

Mn —CI Mononuclear Compounds. The Cl K-edge X-ray
absorption spectra of Mii2-Melm)sCl,,1° Mn"' (salen)CIt?

Mn" (salpn)C},22Mn'" Cl,-4H,0, and [Mr! (5-Cl-salpn)(CHOH),J-
[O:SCR]*2 are presented in Figure 1. The core structures of
the Mn—Cl mononuclear complexes are shown in Figure 2.
Information on the bond lengths, pre-edge energies, and edge
inflection energies as determined from the spectra of these
compounds is given in Table 1.

In Mn"(2-Melm)Cl,, Mn'"(salen)Cl, and MW (salpn)C}
chloride is ligated to manganese, and for all three compounds
pre-edge features are present. If chloride is part of an organic
ring system, as in [MH(5-Cl-salpn)(CHOH);]*, and not a
direct ligand of Mn or not covalently bound, as in M@i,-4H,0,
no pre-edge feature is seen. The pre-edge features and the
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Table 1. Bond Length for Terminal and Bridging Cl Ligands of Mn Coordination Compounds and Cl| K-Edge Pre-Edge Energies and Rising
Edge Inflection Points

bond length

compd terminal CI [A] bridging CI [A] pre-edge enerjgV] edge inflectiof [eV] ref
Mn'"(2-Melm)Cl, 2.525,2.392 28238 2825.4 9
Mn'" (salen)Cl 2.461 2822.3 2825.0 10
Mn'V(salpn)C} 2.290, 2.253 2820.1, 2822.1 2823.9 11
Mn,O;CI(O,CMe)(dbm); us 2.641, 2.656, 2.654 2820.6, 2822.0, 2823.3 2825.7 15,16
Mn4O;Cly(O,CMe)(py)s 2.229 uz 2.629 2820.6, 2821.7, 2823.3 2826.2 17
[Hpy]sMn4O5Cl(O.CMe) 2.2H us 2.6 2820.5, 2821.9, 2823.2 2825.7 16

aThe precision of these energies, as determined by using different polynomial fits to the data over an inteas@bis eV.? The precision of
the inflection point energy is£0.1 eV; the inflection point reported is determined from the zero-crossing of the second derivative of the spectrum.
¢ The zero-crossing of the first derivative in the pre-edge region was taken as the pre-edge ‘€Bgesyynmetry.

T second derivatives for the compounds with pre-edge features
M¥(salpn)Cl - are shown in Figure 3.
L7 The edge energy is at 2825.4 eV for A-Melm)Cl,. In
e S T Mn"'(salen)Cl and in M (salpn)C} the edge shifts to lower
e T p i P energy (2825.0 and 2823.9 eV, respectively). Shadle &t al.

showed that the main absorption results from a CHiglp
transition. The edge inflection energy directly reflects the ClI
1s core energy level and can be related to the relative charge
donated by the ligand in the complex. The edge position for
noncovalently bound Cl as in M&l,-4H,O occurs at 2825.4
e — ev.
In [Mn"(5-Cl-salpn)(CHOH),] " Cl is bound to the 5-posi-
Y tion on the phenyl ring. The edge position is at 2824.2 eV.
N ’ The observed spectral features found for [M8&-Cl-salpn)
Mn"(2-Melm)_Cl /! ? (CH3OH),]* are very similar to the ones found for 9,10-
372 7 dichloroanthracen& Single crystal measuremetttsevealed
Lo e ] that the single intense feature is due primarily to a CHls*
transition. The broad higher energy features have been at-
I E—— tributed to the C-Cl environment.
2818 2820 2822 2824 2826 Fitting of Pre-Edge Peaks of Mn—Cl Mononuclear Com-
Energy (eV) pounds. Deconvolutions that result from fitting of the pre-
edge region of the MnrCl mononuclear compounds are shown
in Figure 3A, along with a comparison of the second derivative
of the data and the second derivative of a representative fit
(Figure 3B). Values for energy, full width at half maximum
(FWHM), and intensities of the pre-edge peaks are given in
Table 2. The second derivative and fitting of the pre-edge
region of Mr'(2-Melm)Cl, indicate that there is one pre-edge
feature, appearing as a shoulder on the rising edge. The energy
of this feature was first determined from the zero crossing of
the first derivative of the original data to be 2823.8 eV, but it
T is better resolved by spectral deconvolution to be 2824.2 eV.
The intensity of this pre-edge peak is 0.166).027, based on
the area measurements and normalized spectra as described in
the Experimental Section.

The Mn'(salen)Cl compound has two peaks in the pre-edge
region, as revealed by the second derivative. The first, at a fit
energy of 2821.2 eV, is quite small with a peak area of 0.034
4 0.008; the second, fit at 2822.3 eV, has a peak area of 0.365
+ 0.052, for a total pre-edge intensity of 0.3290.055. The
oy peak position of the large pre-edge feature is in agreement with
2818 2820 2822 2824 2826 that determined by the zero crossing of the first derivative of
the original data (2822.3 eV).

Mn'V(salpn)C} has two pre-edge features, with average areas
Figure 3. (A) Pre-edge peak region of the normalized Cl K-edge of 0.300 + 0.006 and 0.243t 0.027, for a total pre-edge
spectra of MA(2-Melm)Cl, (bottom), Mrt'(salen)CI (middle), and  intensity of 0.544+ 0.025. The pre-edge peak positions for
Mn"(salpn)C (top). Components of fits (dotted lines) made using s compound as determined by the fits are all essentially the

EDG_FIT are shown under the data (solid linex The tail of the same as those determined from the zero crossings of the first
arctangent function is shown with a dash dot lire:(—). The peak .
derivative of the data.

under the edge is shown with a dashed line (- -). (B) Second derivatives
of the pre-edge peak region of the original data of the above three ~Mn—Cl Tetranuclear Compounds. The Cl K-edge spectra
compounds (solid line-) and second derivatives of fits to the data Of a series of tetranuclear MrCl compounds are shown in

(dashed line - -). Figure 4. The core structures of these compounds, a distorted-

[ Mnt(salen)Cl

F/l,

d?(F/I )/dE?

[ Mn"(salen)C

1}
Mn'(2-Melm),Cl,

Energy (eV)
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Table 2. Pre-Edge Fits of Cl K-Edges of MACl Compounds
compd energy energy amplitude FWHM area total area
Mn'(2-Melm)Cl, 2823.8 2824.2 0.33% 0.027 0.491t 0.045 0.166+ 0.027 0.166+ 0.027
Mn"'(salen)Cl 2821.2 0.07% 0.011 0.425+ 0.061 0.034+ 0.008
2822.3 2822.3 0.524 0.015 0.696+ 0.085 0.365+ 0.052 0.399t 0.055
Mn'V(salpn)C} 2820.1 2820.1 0.444 0.003 0.67A 0.009 0.30Q+ 0.006
2822.1 2822.1 0.28% 0.014 0.866+ 0.080 0.243+ 0.027 0.544+ 0.025
Mn4O;CI(O,CMe)(dbm) 2820.6 2820.5 0.23& 0.007 0.544+ 0.040 0.129+ 0.011
2822.0 2821.8 0.23& 0.014 0.787 0.015 0.187 0.013
2823.3 2823.2 0.344 0.007 0.666+ 0.044 0.229+ 0.015 0.546+ 0.013
Mn,O;Cly(O,CMe)(py)s 2820.6 2820.5 0.45% 0.007 0.56A 0.021 0.256+ 0.012
2821.7 2821.7 0.30% 0.006 0.769+ 0.027 0.236+ 0.011
2823.3 2823.3 0.29& 0.029 0.837: 0.064 0.25H- 0.042 0.746+ 0.047
[Hpy]sMn4OsCl(O.CMe) 2820.5 2820.4 0.55% 0.008 0.598t 0.029 0.332+ 0.020
2821.9 2821.8 0.31% 0.015 0.77H-0.008 0.244-0.011
2823.2 2823.3 0.35& 0.025 0.763£ 0.051 0.226+ 0.026 0.799t 0.048

2 Energies in eV from zero crossing of first derivative. Repeatabilitiz@s1 eV.? Energies in eV from spectral deconvolution using EDG_FIT.

Standard deviations are for all fits for which the second derivative was acceptable, as described in the Experimental Section, were less than 0.1 eV.

¢ Peak area is approximated as amplitude times FWHM.

Fll,

| I Y I E—

2820 2830 2840

Energy (eV)

Figure 4. Normalized Cl K-edge X-ray absorption spectra of 0gCl-
(O.CMe)(dbm), MnsOsCli(O.CMe)(py)s, and [HpykMnsOsClo-
(O.CMe). Arrows indicate the three pre-edge features.
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Figure 5. Core structures of MrCl tetranuclear model compounds,

Mn4OsCI(O,CMe)(dbm), MnsOsCly(O.CMek(py)s, and (Hpy}-
[Mn404Cl7(O.CMe)).

cubane having as-Cl bridge to three MW with additionally a

(OCMe)(py)s but with two terminal Cl bound to each Mn
atom. The MgOsCl compound has three pre-edge features,
which are fit as described below. In the Cl K-edge spectrum
of the MnyO3Cl, compound there are three pre-edge peaks, as
in the spectrum of M§O3Cl, but there is an increase in the
amplitude of the lowest-energy pre-edge peak relative to those
of the second and third pre-edge peaks, probably due to the
addition of terminal C+Mn interactions. The MsOsCl; com-
pound also has three pre-edge peaks; and the first is further
increased in amplitude relative to those of @aCl, and
Mn4OsCl, probably due to the contribution of additional terminal
Cl ligands. Differences in the peak intensities are presented
below.

Fitting of Pre-Edge Peaks of Mn—Cl Tetranuclear Com-
pounds. Components of the fits of pre-edge peaks of M2l
tetranuclear compounds are shown in Figure 6A. It is interesting
to note that three pre-edge peaks are seen in all of the complexes,
including MnOsClI which contains bridging Cl only. The peak
energies, widths, and intensities for these compounds are given
in Table 2.

The peak energies for the three pre-edge peaks remain
essentially the same for all three compounds, differing less than
the +0.1 eV repeatability for the spectra, and the widths of the
two lower energy peaks do not differ much, either. The intensity
of the lowest-energy peak increases from 0.129.011 in
Mn4OsCl to 0.256+ 0.012 in MmOsCls to 0.332+ 0.020 in
Mn4OsCl;. The intensity of the second pre-edge peak 2820
eV increases as terminal chlorines are added, from 0£87
0.013 to 0.236+ 0.011 to 0.241+ 0.011, respectively. The
intensities of this second peak for the compounds containing
terminal Cl are very close to each other, indicating a change in
covalency from bridging Cl to terminal, which does not change
significantly upon further addition of terminal Cl. The intensity
of the highest energy pre-edge peak stays about the same for
all three compounds.

Discussion

Cl K-edge studies of MaCl model compounds provide
information on the nature of Mn-halide bonding. The presence

Mn'V atom at the apex, are shown in Figure 5. The edge of pre-edge features, due to forbidden 1s-3d transitions, indicates

energies (Table 1) for these three compounds are approximatelymixing of metal 3d orbitals with CI 3p orbitals. The pre-edge

the same: 2825.7 eV for compound MRCI(O,CMe) (dbm)!® features are transitions from the Cl 1s core orbital to the
which contains one Cl bridging to three Mnatoms, 2826.2 unoccupied or partially occupied molecular orbitals with CI 3p

eV for Mn4sO3Cl4(O-.CMe)(py)st® which contains as-bridging and Mn 3d character. The intensity of the pre-edge features
Cl and three terminal CI ligands, and 2825.7 eV for gives information on the degree of covalency between the metal
[Hpy]aMn4O3Cl(O,CMe)s'® which has six terminal Cl atoms  and halidée!, and the pre edge position is affected by the effective
and oneus-bridging Cl, much like the structure of M@sCls- charge on the Cl and the energy of the metal orbitals involved
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in bonding® We will examine the contribution of the molecular For example, bridging Cl atoms donate more total charge than
symmetry and ligand field splittings of the d-orbitals to the pre- terminal chlorides; thus, there is a larger covalent contribution

edge energies and intensities. to the HOMO (highest occupied molecular orbital) for bridging
Mn —CI Mononuclear Compounds. The Mrl'(2Me-Im);Cl, chlorides. An increase in the coordination number or an increase
complex has distorted trigonal bipyramidal geométnyFor a in charge donation by the ligands (resulting in a less positively

regular trigonal bipyramidal geometry one would expect orbital charged metal ion) has been shown to result in an increase in
dy;and g, at the lowest energyxgand de_,> at the next highest the overall energy of the d-manifold of the metal. Furthermore
energy, and theglat the highest energy. However, only one the C-Mn bonding is dependent on the nature of the other
pre-edge peak is seen for this compound, as a shoulder on theeoordinating ligands. However, the trend observed here can
rising edge. There is an additional small peak under the edgebe explained by the fact that the energy of the 3d manifold of
(Figure 3A, bottom). The fits do not converge without this peak, the metal shifts to lower energy with increase in oxidation state,
and its presence is indicated by the second derivative as well.thereby shifting the pre-edge transition to lower energy as well.
This may be indicative that there are additional transitions under  The total pre-edge intensity increases in the ordet' Mn
the edge that are not easily resolved. The ligand field splittings Mn'" < Mn"V, from 0.166+ 0.027 for Mri' to 0.399+ 0.055
for Mn"" are expected to be smaller than for WMor Mn'v and for Mn'"', to 0.5444 0.025 for M. In earlier studies of Cl
hence may not be resolved in this experiment. K-edges of compounds with Cl ligated to iréit was found

No definitive d-d transitions have been observed by v that the observed pre-edge intensity increased by a factor of
vis spectroscopy for the Mhmonomers, because for this and three from F& to Fé'. The increase in intensity is due in the
the Mn—Cl salpn complexes, the UWis spectra tend to be  case of both Mn and Fe to the increase in oxidation state of the
dominated by charge-transfer baié$? Nevertheless, for the ~ metal, which allows greater covalency in the-@hetal bond
five-coordinate square pyramidal Mrcomplex with its pseudo-  due to greater donation of charge by Cl to the metal. However,
Jahn-Teller axis along the long (2.461 A) EMn bond, we  the symmetry is different in the case of the Fe and Mn
predict an order, from lowest to highest energy, gfahd g, compounds, and a direct quantitative comparison is not possible.
followed by dy, d2, and dz-y2 orbitals. One large pre-edge It is interesting that the main component of the pre-edge peak
peak is seen for this complex, with a small shoulder at lower for the Mn" compound is at 2822.3 eV, whereas the pre-edge
energy. The small shoulder could be due to transitions to the energy for the terminal Cl in the distorted-cubane structures is
lowest energy Cl 3p- Mn,dand d orbitals and the larger peak  at 2820.6 eV. The charge on Mn and Cl are different in these
at higher energy could be due to transitions to orbitals with two cases. In both cases the Cl ligands are bound t§ Ndoit
metal gz character. As in the case with the Moompound,  the effective oxidation state of Mn is lower in the distorted-
there is an additional peak under the edge, as indicated by thecubane because of charge donation from the bridging CI.
fits and the second derivative, which may be due to transitions Therefore the energy of the d-manifold is increased in the
to molecular orbitals with both Cl 3p and metal 4s character. distorted-cubane complexes. However, in addition, the core 1s
These are bound states that are higher in energy than the HOMQenergy of terminal Cl is different. The terminal Cl in the
but lower in energy than the Cl 4p energy level. The intense distorted cubane complexes are bound to Mn atoms that already
dipole-allowed transitions to the Cl 4p level give rise to the have charge donation from the bridging Cl. Therefore the
main edge jumgP terminal Cl in the distorted cubanes have greater negative

For MnV(salpn)C}, the overall complex is roughly octahedral charge; presumably this is the predominant effect causing the
but might better be described &y, because the weaker Cl transition to be at a lower energy.
donors are in the axial positions. The stronger (and qualitatively ~ Mn—Cl Distorted-Cubane Complexes. In the three dis-
similar) equatorial N and O donor atoms of the salpn ligand torted cubane complexes (see Figure 5 for their core structures)
give the Mn atom an approximately axial environment. X-ray the MnV ion is in an essentially octahedral Mg@nvironment
crystallography demonstrates this: M@I bond lengths are  with relatively small deviations t€s,, but the more important
2.29 and 2.25 A, MrO bond lengths are 1.87 and 1.86 A, Mn'" jons, to which the Cl atoms are ligated, are severely
and Mn-N bond lengths are 2.02 and 2.03 A. The EPR spectra distorted by a JahnTeller elongation. The bridging CI (and

also indicate that the electronic environment is aldalf we thetrans acetate oxygen) are on the elongation axis. Defining
approximate the environment around the MnDag with an this axis as the M z axis, the two terminal Cl on each Nin
“elongated axis”, then the d-orbital energies for the'Min  are on thecandy axes. The JahnTeller elongation will cause
compound would be, from lowest to highest,, &ind d. the gz orbital to lie below the @_2 in energy, and the d-electron
(degenerate),g then g, followed by gz-y2. configuration at each M will thus be d.'dydy,'d2!. The

Two pre-edge peaks are seen for theecompound, again ~ dy_y2 orbital directed toward the terminal Cl will be empty,
possibly due to transitions to orbitals with Cl 3p- Mg, dnd but the ¢ directed toward the bridging Cl will be singly
dy, character at lower energy, and transitions to orbitals with occupied.
metal gz character at higher energy, within tBen approxima- The three pre-edge peaks seen for the®¥E| complex can
tion. As in the case with the above two compounds, there is a pe assigned to transitions to the metg} dy,, and ¢ orbitals
possibility that there is another transition to an orbital with metal (nearly degenerate at the lowest energy), and the next two peaks
d character under the edge, as indicated by the fits and theto transitions to the dat the middle energy andedye at the
second derivative. highest energy, respectively. All three pre-edge peak positions

This series of Mar-Cl mononuclear compounds contains Mn and the half-width for the first two pre-edge peaks, as seen in
in different oxidation states. For the different oxidation states, Table 2, do not change significantly from one compound to the
the energy of the pre-edge features appears in the ordéMn  other. This indicates that the energy splitting stays the same
Mn"" > Mn', as discussed above. Shadle et#have shown for the complexes with bridging Cl only and with bridging and
that the pre-edge energy is related to the charge on the ligandeither three terminal or six terminal Cl. It is possible that there
and to the metal-derived d-orbital energy. Several factors haveis a fourth pre-edge peak due to the transitions from the terminal
an effect on the pre-edge energies and intensities. The chargeCl at about the same energy as the lowest-energy peak for
donation of Cl ligands depends on the coordination geometry. Mn4O3Cl, but it is not possible to resolve it in this case. The
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Figure 6. (A) Pre-edge peak region of the normalized Cl K-edge
spectra of MgOsCl(O,CMe)(dbm); (bottom), MnOsCly(O.CMe)k(py)s
(middle), and [HpydMn4OsCl;(O,CMe); (top). Components of fits
(dotted lines++) made using EDG_FIT are shown under the data (solid
lines—). The tail of the arctangent function is shown with a dash dot
line (— - —). The peak under the edge is shown with a dashed line
(--). (B) Second derivatives of the pre-edge peak region of the original
data of the above three compounds (solid fiffeand second derivatives

of fits to the data (dashed line - -).

Rompel et al.

Mn will donate more electron density to the metal, and the 1s
to 3d transition will require more energy than that for a terminal
Cl, which donates electrons to only one metal center.

The trend in total pre-edge peak intensity for the distorted-
cubane series is 0.546 0.013 for MnyOsCl, 0.7464 0.047
for Mn4O3Cls and 0.799t 0.048 for MmOsCl;. The pre-edge
peak intensity is affected by the number of allowed transitions,
which is the same for all three complexes, and by the covalency
of the Ck-metal interactions. Although the number of-@¥in
interactions increases linearly in this series of three complexes,
the covalency is not the same for a terminal Cl as for a bridging
Cl. As mentioned above, the covalency is much higher for
bridging Cl because there is greater donation of charge to the
metal d orbitals. The increase in pre-edge intensity from
bridging only to three terminal CI (a difference of 0.200) is
greater than the increase from three terminal to six terminal (a
difference of 0.100) probably because the three terminal CI
added to MgO3Cl; do not contribute much additional covalency.
The intensity of the pre-edge peaks is proportional to the degree
of charge donation by the Cl as measured by the covalency of
the Mn—CI bond. As mentioned above, the bridging Cl are
directed toward the singly occupied Mre,dand terminal CI
are directed toward the emptyde orbitals. Thus the bridging
Cl provides more covalency than the terminal Cl. The intensities
are dependent not only on the number of CI but also on the
degree of covalency they bring to the M@l bonds. This
explains why the peaks corresponding to bridging Cl are more
intense than those from terminal Cl in the distorted cubane
complexes.

Concluding Comments

We have demonstrated the feasibility of Cl K-edge X-ray
absorption spectroscopy to probe-®in bonding. If chloride
is covalently bound to Mn, a pre-edge feature is present,
whereas, if it is part of an organic ring system or is not
covalently bound, no pre-edge feature is seen. This forms the
basis for future Cl XAS studies to probe the question of direct
ligation of Cl to the Mn cluster of the OEC in one or more
S-states of the Kok cycle.
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