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Abstract: High-valent Mn-oxo species have been suggested to have a catalytically important role in the
water splitting reaction which occurs in the Photosystem || membrane protein. In this study, five- and six-
coordinate mononuclear Mn(V) compounds were investigated by polarized X-ray absorption spectroscopy
in order to understand the electronic structure and spectroscopic characteristics of high-valent Mn species.
Single crystals of the Mn(V)-nitrido and Mn(V)-oxo compounds were aligned along selected molecular vectors
with respect to the X-ray polarization vector using X-ray diffraction. The local electronic structure of the
metal site was then studied by measuring the polarization dependence of X-ray absorption near-edge
spectroscopy (XANES) pre-edge spectra (1s to 3d transition) and comparing with the results of density
functional theory (DFT) calculations. The Mn(V)-nitrido compound, in which the manganese is coordinated
in a tetragonally distorted octahedral environment, showed a single dominant pre-edge peak along the
Mn=N axis that can be assigned to a strong 3d2—4p, mixing mechanism. In the square pyramidal Mn-
(V)-oxo system, on the other hand, an additional peak was observed at 1 eV below the main pre-edge
peak. This component was interpreted as a 1s to 3dy.,, transition with 4p,, mixing, due to the displacement
of the Mn atom out of the equatorial plane. The XANES results have been correlated to DFT calculations,
and the spectra have been simulated using a TD (time-dependent)-DFT approach. The relevance of these
results to understanding the mechanism of the photosynthetic water oxidation is discussed.

Introduction primary charge separation (photo-oxidation) occurring at the
PS Il reaction center with the four-electron water oxidation
chemistry. During this process, the OEC cycles through five

intermediate S states,0SS,;, storing oxidative equivalents

Mn complexes play critical roles in the fundamental chemical
reactions in many biological systems. Perhaps the most impor-
tant reaction is the oxidation of water to oxygen by the i o 5 o
photosynthetic membrane protein (Photosystem 1), present insenally until it reaches the,State’ The formal oxidation states
green plants, algae, and cyanobacteria. This process is catalyzeaf S and $ are generally accepted as M2 IV2) and

8—-10 i i i i
by a MnyCa cluster and takes place in the oxygen-evolving Mr_‘(‘;(”t!’lv 3?[',[ §omedcon11‘!£:£[3r_:_er2nalnstlrlt the assgdnme(;li of
complex (OEC) in PS 1176 The OEC couples the one-electron oxigation states in &and S. e § state is considered to
be either Mn(lll 3,IV) or Mng(ILIT 2,IV). In the S to S
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transition, whether a Mn-centered oxidation state change occurs The X-ray absorption near-edge spectra (XANES) have been
or whether a ligand-centered oxidation state change takes placeused to derive information about the oxidation states and the
has been an open question. The finglsBate is assumed to  environment surrounding Mn in inorganic compounds as well
oxidize two substrate water molecules to dioxygen, returning as in the OEC of PS [* The spectra reflect the 1s to 4p
to the S state. The $state remained undetected until recent (unoccupied valence orbitals) transition according to the dipole
studies showed that a candidate for this state or intermediateselection rules. The energy position of the absorption edge is
states prior to the Sstate could be detected experimentally. A therefore dependent on the effective charge density through core
study by Clausen et al. has shown evidence for an intermediatehole shielding effects of 1s orbitals. While the interpretation of
state between thesSnd $ states generated under high O the XANES region is often difficult due to the influence of many
pressuré? A subsequent study by Haumann et al. has also factors contributing to the spectral shape, the weak “pre-edge”
captured an intermediate state by using time-resolved X-ray peaks~10 eV below the XANES region have been used to
absorption spectroscop§ Although whether the intermediate ~ extract information about the electronic structure and the local
state(s) observed in these studies is(are) actually flséag or ~ symmetry at the metal site. The pre-edge peak is assigned
not has been discussédhese findings have opened the door formally to a dipole-forbidden 1s to 3d transition that gains
for more detailed study of the mechanism of water oxidation. intensity through distortion which eliminates the inversion

On the basis of the many possible Mya structures consistent symme3t6ry and allows metal 4p orbital mixing into the 3d final

. . 5,
with EPR, IR, and X-ray absorption spectroscopy, and more state? | q K | ved in i .
recently from crystallography, several oxygen-evolving mech- In (general, pre-edge peaks are 1ess resolved In |sotrop|_c
anisms have been propos&di8 Among these, one mechanism solution or powder samples. Their interpretation is also associ-

that has been widely discussed suggests the involvement of Mn_ated with a large uncertainty because of a strong background
. " ; from dipole-allowed transitions at higher energies. One approach
(V)-0xo species in the final Sstate. It is proposed that the is to uze olarized XAS of sin Iegcr stals %o orientatirc))Fr)laII
electrophilic Mn(V)-oxo is a good candidate for a nucleophilic resolve thg contributing transitiogﬁ§38T{1is method allows us ’
attack by water or hydroxide, bound either to Mn or Ca, to form . . - .
an O—Oybond%9v20 Rilecently Shimazaki et al. have reported a to selectively enhance specific trans_ltlon_s along certain molec-
Mn(V)-oxo porphyrin dimer which evolves Qimplicating the \ljvll‘;r] \:ggtoer; tti:) r?ﬁghincgzjsgﬁlk;(g_r;ph'Cola::igzr;rgs:tvzfctrg rolt?rchuultsas
involvement of Mn(V) in a model systeAt.However, whether P ray p " N
N . . one can relate the molecular orientation and spectral dichroism
or not Mn(V)-oxo is involved in the catalytic process of PS Il . - i
is a key question that needs to be answered in order to and make rigorous assignments of the pre-edge peaks. The
ya . S plane-polarized nature of synchrotron radiation is ideally suited
understand the mechanism of water oxidation. . .
) S . for polarized X-ray absorption spectroscopy.

In most cases, studies of oxidation states and electronic Single-crystal X-ray spectroscopy has been performed en Cr
structures of the active site of metalloproteins are based on thep porphyrin complexes, dithiomolybdate, and a series of Cu-
knowledge of well-characterized model compoufid¥' using (I) model complexed®“2 The Ci=O complexes, for example,
spectroscopic techniques such as X-ray absorption Spectroscop¥nowed an intense s 3d pre-edge transition when the incident

and electron paramagnetic spectroscopy. In the case of Mn,jight was polarized along the €0 bond?*! This was interpreted
however, most of the model compound studies have so farpy Templeton et &3¢ in a similar system as a transition

focused on the Mn(lll) and Mn(IV) systems. Though many Mn-  petween the metal 1s core level and an antibonding molecular

(V) model complexes have been reportééf 32 there have been

relatively few detailed spectroscopic studies of Mn(V) com- (25) Sross, Z.; Goubkov, G.; Simkhovich, lngew. Chem., Int. E&000

plexes3133 (26) Groves, J. T.; Watanabe, Y.; McMurry, T. Z. Am. Chem. Sod983
105, 4489-4490.
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24-39. (31) Song, W. J.; Seo, M. S.; DeBeer George, S.; Ohta, T.; Song, R.; Kang, M.
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Physiol.2005 46, 837-842. 2007, 129, 1268-1277.

(14) Clausen, J.; Junge, Wature 2004 430, 480-483. (32) Bendix, J.; Deeth, R. J.; Weyhetheu, T.; Bill, E.; Wieghardt, K.Inorg.

(15) Haumann, M.; Liebisch, P.; Muller, C.; Barra, M.; Grabolle, M.; Dau, H. Chem.200Q 39, 930-938.
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4763. 8070-8071.

(17) Siegbahn, P. E. MChem—Eur. J.2006 12, 9217-9227. (34) Yachandra, V. K.; Sauer, K.; Klein, M. Ehem. Re. 1996 96, 2927

(18) Messinger, JPhys. Chem. Chem. PhyZ004 6, 4764-4771. 2950.
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Scheme 1. Chemical Structures of Mn(V)-nitrido and Mn(V)-oxo
Complexes
X X
X=Cl :(DCB)
X = CHs3 : (DMB)
N
NC, | WCN
N
N N
C ON C

Mn(V)-nitrido

Mn(V})-oxo

orbital with metal ¢ and oxygen pcharacter. However, as has
been reported more recent§,the intense pre-edge peak
formally results from metal 4pmixing with metal 3¢ orbitals,

which originates from overlap of the ligand orbitals with both

with the crystallographic-axis (the angle between each MN vector
and the crystallographic-axis is 9.4). The long axis of the crystal
was found to coincide with the crystallograplei@xis. The molecular
axis was defined as shown in Figure 1c; the molecklaand y-axes
are in the equatorial plane along the metaand bonds, and theaxis
is defined along the MaN bond.

Mn(V)-oxo Single Crystals. Among the two compounds, Mn(V)-
oxo(DCB) and Mn(V)-oxo(DMB)° a crystal structure has been
reported only for the former compound. The space group of the crystal
is P2; with four molecules per unit cell. The Mn-oxo bond for each
molecule in the unit cell is aligned approximately in theplane of
the crystal and is tilted about 2from thea-axis (Figure 2a,b). In the
bc-plane, the neighboring molecules are rotated abo8itfi@dn each
other. The definition of the molecular axis used in this study is shown
in Figure 2c. The molecular- andy-axes are again in the equatorial
plane along the metaligand bonds, and theaxis is along the MO
bond.

Polarized X-ray Absorption Spectra MeasurementsThe crystals
were mounted on a home-built two-circle goniometer. This fixture
permits rotation around two perpendicular axgandy. The incoming
X-ray beam is polarized along the laboratofyaxis. The laboratory
Y-axis is defined as an axis perpendicular to the plane of polarization
of the X-raye vector and is the same axis as the rotation gxiThe
laboratoryZ-axis is defined as the direction of propagation of the X-rays.

the metal 3d and 4p orbitals. Polarized spectroscopy has also xANES and EXAFS spectra were recorded at room temperature on

been applied to protein crystfig#4>

We report here a detailed study of the polarized X-ray
absorption spectroscopy of single crystals of two Mn(V)
complexes: a Mn(V)-nitrid& (which is six-coordinate) and two
Mn(V)-oxo complexes (which are five-coordinate, square
pyramidal)?¢ All of these complexes exhibited pronounced
XANES dichroism which originate from the Mn(V)-nitrido and
Mn(V)-oxo bonds. X-ray absorption spectroscopy and X-ray
diffraction are combined to interpret the polarization charac-
teristics of the spectra based on the molecular orientation. The
experimental results are complemented by electronic structure
calculations, which are used to obtain theoretical simulations
of the experimental spectra. These results provide electronic
structural insight into Mn(V)-oxo complexes and their possible
contributions to reactivity.

Experimental Section

Samples.The Mn model complexes, [Rh(ef{Mn(N)(CN)s]-H-O
(Mn(V)-nitrido) (en= 1,2-diaminoethane), and the macrocyclic Mn-
(V)-oxo complexes, Mn(V)-oxo(DCB) and Mn(V)-oxo(DMB) (Scheme
1), were synthesized and crystallized as described in the liter&ttfre.
The structures of these compounds (Mn(V)-nitrido and Mn(V)-oxo-
(DCB)) have been characterized by X-ray diffraction. In both Mn(V)-
nitrido and Mn(V)-oxo compounds, the local symmetry around Mn is
approximatelyCy,. The metal center is displaced out of the plane defined
by the equatorial cyanide ligands toward the nitrido or oxo ligand, the
displacement being 0.2 and 0.6 A in Mn(V)-nitrido and Mn(V)-oxo-
(DCB), respectively.

Mn(V)-nitrido Single Crystal. The complex crystallizes in the space
groupP6s, with six molecules per unit cetf. As shown in Figure 1a,b,
the Mn-nitrido bond for each molecule in the unit cell is nearly collinear

(43) DeBeer George, S.; Brant, P.; Solomon, EJ.IAm. Chem. So2005
127, 667-674.

(44) Scott, R. A.; Hahn, J. E.; Doniach, S.; Freeman, H. C.; Hodgson, K. O.
Am. Chem. Socl982 104, 5364-5369.

(45) Flank, A. M.; Weininger, M.; Mortenson, L. E.; Cramer, SJPAm. Chem.
Soc.1986 108 1049-1055.

(46) Workman, J. M.; Powell, R. D.; Procyk, A. D.; Collins, T. J.; Bocian, D.
F. Inorg. Chem.1992 31, 1548-1550.

beamline 9-3 at SSRL (Stanford Synchrotron Radiation Laboratory)
and beamline 10.3.2 at ALS (Advanced Light Sources). At SSRL BL
9-3, the synchrotron ring SPEAR was operated at 3.0 GeV atlb0

mA beam current. Energy resolution of the focused incoming X-rays
was achieved using a Si(220) double-crystal monochromator, which
was detuned to 50% of maximal flux to attenuate second harmonic
X-rays. A N-filled ion chamber ) was mounted in front of the sample

to monitor incident beam intensity. An incident X-ray beam of 1 mm
(horizontal) x 1 mm (vertical) dimension was used for the XANES
and EXAFS experiments. The single-crystal X-ray absorption spectra
were collected as fluorescence excitation spectra using a 30-element
energy-resolving detector from Canberra Electronics. The isotropic
powder spectra were collected in a similar manner, except that a non-
energy-resolving ionization chamber (Lytle detector) was used for
detection. At ALS BL 10.3.27 the synchrotron ring was operated at
1.9 GeV at 206-400 mA beam current. Energy resolution of the
focused incoming X-rays was achieved using a Si(111) double-crystal
monochromator. Spectra were collected in fluorescence with a 7-element
Ge detector and in transmission with an ionization chamber. An incident
X-ray beam of 0.1 mm (horizontatx 0.02 mm (vertical) dimension
was used for the XANES and EXAFS experiments. This spot size is
large compared to what the beamline normally produces and was
obtained by moving the sample downstream of focus. The beam was
defocused in order to reduce radiation damage to the sample. Combined
XANES/EXAFS spectra were collected, and the details are described
in the Supporting Information. Data reduction for the XANES and
EXAFS spectra was performed as described previdtisly.

Curve fitting of the EXAFS spectra from single crystals was carried
out using previously described procedufés isolate all of the Fourier
peaks together\R ~ 1.2—5 A). These isolates were then fit using ab
initio-calculated phases and amplitudes from the program FEFF 8 from
the University of Washingtoff. The ab initio phases and amplitudes
were calculated from the crystallographic d#t&

(47) Marcus, A. M. Description of Beamline 10.3.2., http://xraysweb.Ibl.gov/
uxas/Index.htm.

(48) Robblee, J. H.; Messinger, J.; Cinco, R. M.; McFarlane, K. L.; Fernandez,
C.; Pizarro, S. A.; Sauer, K.; Yachandra, V. K.Am. Chem. So2002
124, 7459-7471.

(49) Rehr, J. J.; Albers, R. Rev. Mod. Phys200Q 72, 621-654.
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Mn(V)-nitrido

@ ()

T -

Sl A

a

:Mn
N
Crystal N

Molecular axis

Figure 1. Crystal and molecular structures of Mn(V)-nitrido compound. (a and b) Molecular arrangement in the crystal unit cell and (c) molecular structure.
The moleculaz-axis (Mre=N direction) is aligned nearly parallel to the crystaxis (9.4 off). The Mn position is~0.2 A displaced out of the equatorial
ligand plane toward the nitrido ligand.

Pre-edge fits were performed using EDG_FITAfter background allowed 1s to 3d transitiori€:3%52When the inversion symmetry is
subtraction, pre-edge components were fit with pseudo-Voigt eliminated, however, the pre-edge transitions can gain intensity through

functions.

the metal 4p orbital character mixing into the metal 3d orbitals.

X-ray Diffraction Measurement. For each polarized XAS measure- It is estimated that electric dipole transitions are 2 orders of magnitude
ment, XRD was taken in situ by placing the X-ray diffraction detector more intense than electric quadrupole transitiGriEhus only a few

downstream of the

sample in order to obtain the relationship of the percent 4p mixing into the 3d orbitals can yield significant pre-edge

crystal axes and the vector of the incident X-ray beam. Diffraction  intensity.

data were collected using a Mar 345 imaging plate (BL 9-3) or Bruker ~ The intensity of the polarized XAS spectra, governed primarily by
SMART 2000 CCD (BL 10.3.2) in single shot mode with a 60 s electric dipole mechanism, is related to the density of final stées (
exposure. Diffraction spots were indexed with Mosfitrysing the the appropriate symmetry which has a measurable overlap with the
known unit cell parameter8:3?The published atomic coordinates were initial state wavefunctioni). The X-ray absorption cross section for
used to determine the orientation of specific molecular directions relative the electric-dipole-allowed transitionp, is given by the equation

to the crystal axes.

Polarized X-ray Absorption Spectroscopy XANES spectra mainly op O |zq [ﬂ|rj|i D]Z 1)
reflect electric-dipole-allowed transitions from the initial state. However, 7

weak pre-edge features are observed for transition metals in a

centrosymmetric environment which are due to electric-quadrupole- whereg andr; (j = x, y, 2) are the direction cosines of the X-ray

(50) George, G. NEXAFSPAK and EDG_F{TStanford Synchrotron Radiation
Laboratory, Stanford Linear Accelerator Center, Stanford University:
Stanford, CA 94309, 2000.

(51) Leslie, A. G. W.;

vector and the transition moment operator. The cross section is
proportional to the sum of all contributing molecular orientations in

Powell, HMosflm 6.2.3; Cambridge. (52) Brouder, CJ. Phys.: Condens. Matter99Q 2, 701—-738.
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Mn(V)-oxo
(a) (b) 4

] «*

o

Crystal structure

Molecular axis

Figure 2. Crystal and molecular structures of Mn(V)-oxo compound. (a
and b) Molecular arrangement of DCB in the crystal and (c) molecular
structure of DCB. The molecularaxis (Mr=O0O direction) is tilted about
60° from the crystalc-axis. The macrocyclic planes are oriented almost
parallel to each other (b), but rotated to each other abou{&)0 The Mn
position is~0.6 A displaced out of the equatorial ligand plane toward the
nitrido ligand.

the crystal, and the amplitude of each pre-edge component is weighted

by cog 6, wheref is the angle between the X-rayvector and the

molecular transition dipole vector. Therefore, when an oriented crystal
is aligned with a known molecular orientation, the angular dependence
of the intensity of a particular absorption feature may be used to

determine the symmetry of the final state wavefunction.

For pre-edge features which only gain intensity through electric-
quadrupole-allowed transitions, the absorption cross seatignc@n
be rewritten as

o 01y > kyirrlit? (2)
] n

wherek, and g are the direction cosines of the X-ray propagation
direction and the X-rag vector and, andr; are the transition moment

operators. Now the dichroism is the result of the combination of the
orientations ofg andk, vectors.

Equations 1 and 2 describe the pure dipole and quadrupole
contribution. However, the absorption cross section is a sum of eqgs 1
and 2, which is determined by the chemical and geometric structure
around the metal.

Specific edge or pre-edge features which are unresolved in solution
XAS can be orientationally selected and resolved in polarized XAS.
One can also discriminate between dipole and quadrupole transitions
based on their polarization behavior.

Electronic Structure Calculations. All calculations in this study

were performed with the electronic structure program ORERingle-
point spin-unrestricted density functional calculations using the crystal-
lographic coordinates were carried out with the BP86 functi&had.
All electron-polarized triples (TZVP) Gaussian basis sets of the Alrichs
group were used for all atomi%Calculated XAS spectra were obtained
by performing time-dependent density functional theory (TD-DFT)
calculations, allowing for excitation of the Mn 1s electr6hg:

Results

I. Polarized XAS Spectroscopy. A. Mn(V¥=nitrido Spec-
tra. The XANES and EXAFS spectra of the Mn(V)-nitrido
single crystals and the XANES spectrum of a powder sample
are shown in Figure 3. The crystal has a pencil-like morphology,
in which the 6-fold axis coincides with the crystallographic
c-axis. The polarized spectra were taken by changing-tuegle
as shown in Figure 3a (top right). The crystadxis is parallel
to the X-raye vector at the; = 0° orientation and perpendicular
to it at they = 90° orientation. The intense pre-edge feature at
6542.9 eV in Figure 3a has pronounced dichroism with
maximum intensity when the crystataxis is parallel to the
X-ray e vector f = 0°) and minimum intensity when theaxis
is perpendicular to the vector ¢ = 90°). The crystak-axis in
this system almost coincides with the BN bond direction
(the molecular-axis, see Figure 1c), suggesting that the strong
pre-edge transition mainly occurs along the molecaldirec-
tion. This is also confirmed by the polarization characteristics
of EXAFS in Figure 3b (fork-space data, see Supporting
Information). The intense peak at an apparent distdRicef
1.18 A in they = 0° spectrum is due to backscattering from
the axial nitrido atom, while the peak Bt of 1.53 A in they
= 90° spectrum is due to backscattering from the four equatorial
C atoms. The peak & = 2.58 A arises from the N atoms in
the equatorially bound cyano groups and is strongly enhanced
by multiple scattering mediated by the intervening collinear C
atoms (for the detailed curve fitting results, see Supporting
Information).

Figure 3a (top) shows the XANES spectra of an isotropic
powder sample. The pre-edge peak is much less interi3@%
of the intensity) than the polarized spectrum collecteg at
0°, which provides the maximum projection of the X-ray

(53) Neese, FORCA-an ab initio, DFT, and Semiempirical Electronic Structure
Package version 2.6; University of Bonn: Bonn, Germany, 2003.

(54) Geometry-optimized calculations were also performed; however, it was
found that the axial MACN bond trans to the nitrido was0.1 A longer
than in the experimental structure. This is consistent with previously
reported calculations (refs 55 and 56).

(55) Hummel, P.; Gray, H. BCoord. Chem. Re 2007, 251, 554—-556.

(56) Bendix, J.; Meyer, K.; Weyhermuller, T.; Bill, E.; Metzler-Nolte, N.;
Wieghardt, K.Inorg. Chem.1998 37, 17671775.

(57) Becke, A. D.J. Chem. Phys1986 84, 4524-4529.

(58) Perdew, J. P.; Yue, WPhys. Re. B 1986 33, 8800-8802.

(59) Schafer, A.; Horn, H.; Ahlrichs, Rl.. Chem. Physl1992 97, 2571-2577.

(60) Ray, K.; DeBeer George, S.; Solomon, E. I|.; Wieghardt, K.; Neese, F.

Chem—Eur. J.2007, 13, 2783-2797.

(61) DeBeer George, S.; Petrenko, T.; Neeselnbrg. Chim. Actain press.
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Figure 3. Polarized Mn XANES (a) and Fourier transformed EXAR&\{eighted) spectra (b) of Mn(V)-nitrido compound. For a comparison, XANES
spectrum of the powder sample is shown in (a), top. The crystal was at first set such that theceaystals parallel to the X-rag vector ¢ = 0°
orientation, see top right), which is parallel to the laboratémxis. Polarized spectra were taken at varipusientations § = 0, 30, 45, 70, and 99. The
arrow shows the direction that the spectral features changeésascreased from 0 to 90thereby decreasing the overlap between thesMrbond and the
X-ray e vector. For EXAFS, only the spectra from two extreme orientatigrns © and 90) are shown.

Table 1. Pre-edge Fitting of the Mn(V)-nitrido Complex@

vector on the MeEN bond. This is expected, because the

isotropic sample contains a distribution of KM bonds in all X peak HWHM

possible orientations. The amplitude of the polarized features —®9 ) ame ) area

is weighted by cos6, wheref is the angle between the Mn go ggﬁg 8-2(7) 8-21 i-gg
backscatterer vector and the X-rayector. Thus, the c8s9 45 6542.9 0.57 0.81 116

term must be averaged over all orientations in the sphere, which 70 6542.9 0.21 0.81 0.42
produces a weighting factor of 1/3. To properly compare the 90 6542.6 0.03 0.81 0.06
oriented single-crystal data with the data from isotropic samples, powder 6542.9 0-39 0.81 0.7

itis therefore necessary to divide the oriented data by 3@os aBold numbers indicate the fixed values. The Gaussian/Lorentzian

A close examination of the crystal structure of this system shows fraction parameter was fixed to 0.5.
that the moleculaz-axes of the four molecules/unit cell are
equally displaced from the crystallographieaxis by +9.4°. in intensity). However, we observe a 0.3 eV of peak 8hiit

By taking this molecular alignment into account, the calculated the 90 orientation, which may suggest the presence of a low-
intensity of the powder spectrum is 34.2% of the= 0° energy transition polarized in the equatorial ligand plane.

polarized pre-edge peak. The slightly higher experimental value  There is an additional peak above the pre-edge but below
(~39 £ 1%) may suggest that there are some other transition the rising edge at 6545.7 eV observed in all crystal orientations.
components which contribute in this energy range. The nondichroic nature of this peak suggests that this transition

The pre-edge spectra of single crystal £ 0—-90°) and is mediated by the cyanide group.
powder samples were fit with pseudo-Voigt functions (Table  The main edge region, which contains the-tglp transition
1). The peak position at 6542.9 eV is constant throygh (approximately 65456580 eV), is also significantly dichroic,
0—70° regardless of the crystal orientation, suggesting the showing at least two distinguishable components; the lower
presence of a single predominant 4s 3d transition. The component shows the same polarization characteristic as the
nonzero amplitude of the pre-edge features at thesMm] pre-edge peak (polarized parallel to the molecwaxis), while
X-ray e vector ff = 90°) could be due to contributions from the higher one shows the opposite dichroism. The higher
the other 1s— 3d transitions and the fact that a 9ahgle exists component is presumably from multiple-scattering contributions
between the M&N vectors and the crystallographieaxis 2 from the five cyanide ligands to the Mn atom. Although
This nonalignment of the molecules accounts 8% of the interpretation of the main edge region is beyond the scope of
residual intensity in the pre-edge featureyat 90°, which is the present study, this type of behavior has been seen in other
in good agreement with the experimental value (3.1% residual compounds with strong multiple-scattering paths.

(62) Additional effect arises from the imperfect polarizatio®6%) of the beam. (63) The experimental energy resolution<$€.2 eV.
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Figure 4. Polarized Mn XAS spectra of Mn(V)-oxo compounds, (a) DCB and (b) DMB. For DMB and DCB, the crystal was at first set such that the long
axis of the crystal is parallel to the laboratoryaxis (¢ = 0°, ¢ = 90° orientation), and polarized spectra were taken by rotating the crystal around the
laboratoryZ- (y rotation) andY-axes ¢ rotation). (a) The middle figure shows the polarized spectra out of the macrocyclic ligand plaaeed,y = 90°)

and the bottom figure in the macrocyclic plare= —30°, x varied). (b) Polarized XAS spectra of DMB in the two extreme orientations, XANES (middle)
and EXAFS (bottom).

B. Mn(V)-oxo Spectra. Figure 4 shows the XANES and identical for the two Mn(V)-oxo compounds, suggesting iso-
EXAFS spectra of the Mn(V)-oxo compounds. In this system, morphic crystal structures.
the crystals are needle-shaped and the molecular axes are not A strongly dichroic pre-edge feature similar to the Mn(V)-
co-incident with any of the crystallographic axes (Figure 2). nitrido compound is observed in the Mn(V)-oxo compounds.
The crystal was at first oriented such that the needle long axis Unlike the Mn(V)-nitrido compound, the pre-edge peak energy
is nearly parallel to the X-rag vector, and this orientation was  position of the Mn-oxo compound changes depending on the
defined asp = 0°, y = 90°. Polarized spectra were collected at crystal orientation, indicating that there are two contributions
various ¢ and y orientations using the Mn(V)-oxo(DCB) to this region. These two components have different polarization
compound (Figure 4a) since the crystal structure has beencharacteristics. The high-energy peak at 6541.6 eV is signifi-
reported only for this compound. The precise crystal orientation cantly enhanced at the = 60°, y = 90° orientation when the
was determined from the X-ray diffraction pattern taken at each X-ray e vector is parallel to the M®O bond. The presence of
orientation within an accuracy at2°. The polarized spectra  the low-energy component (6540.8 eV), which was not observed
collected as a function gf and¢ rotations (Figure 4, middle  in the powder spectrum, became visible in the polarized spectra
and bottom) show the dichroism out of the macrocyclic ligand at the¢ = —30° orientation due to the negligible contribution
plane ¢ varied,y = 90°) and within the macrocyclic plane( of the strong high-energy component. This peak is the only
= —30°, y varied). For the Mn(V)-oxo(DMB) compound, observable component when the crystal is rotated within the
polarized spectra at only two extreme orientations are shown plane of the macrocyclic ligang fotation, Figure 4a, bottom).
with the corresponding EXAFS spectra (Figure 4b). Overall The relation between the pre-edge dichroism and the molecular
spectral shape and polarization characteristics were almostorientation is also clear from the XANES and EXAFS of Mn-
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Table 2. Pre-edge Fitting of the Mn(V)-oxo(DCB) Complex? (a) Mn-nitrido
¢ x peak HWHM peak HWHM 1.2
(deg) (deg) (ev) amp  (eV) area (ev) amp  (eV) area
—+-65429eV
60 90 6540.8 0.12 0.95 0.24 6541.6 1.17 0.8 2.77 15-r_____-
50 90 6540.8 0.12 0.95 0.24 6541.6 1.15 0.8 2.72 I T
40 90 6540.8 0.13 0.95 0.26 6541.6 1.05 0.8 2.48 0.8 ‘\i
30 90 6540.8 0.09 0.95 0.18 6541.6 095 0.8 2.25 o ] S
20 90 6540.8 0.05 0.95 0.11 6541.6 0.80 0.8 1.89 B S
10 90 6540.8 0.03 0.95 0.06 6541.6 0.70 0.8 1.66 £ 0.6- \I
0 90 6540.8 0.06 0.95 0.12 6541.6 0.44 0.8 1.04 E‘ o
-10 90 6540.8 0.18 0.95 0.36 6541.6 0.17 0.8 0.40 < (.44 S
—20 90 6540.8 0.17 0.95 0.34 6541.6 0.07 0.8 0.17 N
—-30 90 6540.8 0.17 0.95 0.34 6541.6 0.02 0.8 0.05 ‘\i
powder 6540.8 0.14 0.95 0.28 65416 0.35 0.8 0.82 0.2 ~o
S——
aBold numbers indicate the fixed values. The Gaussian/Lorentzian 0 . . . —
fraction parameter was fixed to 0.5. 0 20 40 60 80
(V)-0xo(DMB). The pre-edge peak at 6541.6 eV becomes most x angle (°)

intense when the shortest FT pedk & 1.2 A in Figure 4b,
bottom, which corresponds to the FhO interaction) becomes  (b) Mn-oxo (DCB)
most intense. The lower-energy component becomes dominant 14

when the EXAFS peak & of 1.5 A becomes intense. This ree 65416 €V
peak corresponds to the backscattering from the equatorial N 124 L 65408 eV I‘I“
ligands in the macrocycle. The details of the EXAFS fitting ; I’ T
result are in the Supporting Information. 3 ] I

Table 2 shows the curve fitting result of the pre-edge peaks 2 08/ }_
of Mn(V)-oxo (DCB) during¢ rotation (the spectra in Figure g 06 I
4a, middle). This¢ angular dependence of the pre-edge <
components (6541.6 and 6540.8 eV) is plotted in Figure 5 0.4 I
together with the result of Mn(V)-nitrido compoung &ngular
dependence of 6542.9 eV component shown in Figure 3a and Ozju%i i S
Table 1). The intensity of the peak at 6541.6 eV (6542.9 eV Y e S iiTE S i
for Mn(V)-nitrido) changes according to the @o& relation -20 0 20 40 60
between the M&O vector (or M=N for Mn(V)-nitrido) and o Angle (°)

X-ray e vector (black dotted lines in Figure 5). On the other

; ; _ Figure 5. Angular dependence of the pre-edge peaks of (a) Mn(V)-nitrido
hand, the dichroism of the peak at 6540.8 eV of the Mn(V) and (b) Mn(V)-oxo(DCB) complexes. The pre-edge amplitude values for

oxo compound seems to have a more complicated orier.1tationthe Mn(V)-nitrido (Table 1) and the Mn(V)-oxo(DCB) (Table 2) were
dependence that does not show a simplé éaependence with plotted; in (a) Mn(V)-nitrido complex, the black points show the intensity
the X-raye vector. This could be due to a significant quadrupole ©f the 6542.9 eV peak, and in (b) Mn(V)-oxo (DCB) complex, the black

Lo . . : . and red points are of the 6541.6 and 6540.8 eV peaks. For the 6542.9 eV
contribution, which depends on the X-ray propagation direction (a) and 6541.6 eV (b) components, the black dotted lines are the fit of the

(k vector) in addition to the dependence on the X-eayector intensity to theAop + B function, which show a simple c&8 dependence
(see eq 2). In fact, the intensity of the 6540.8 eV peak is best (oo O cog 6). On the other hand, the 6540.8 eV component was best fit
fit with the combination of the dipolest) and quadrupoles) with a combination of quadrupole and dipole character; + Bog + C,

h . f - h whereA, B, andC are constants (see Supporting Information). The definition
character (see Supporting Information). However, the error ot yhe,'or ¢ angle of each compound is described in Figure 3 (for Mn-

(£0.07 units in amplitude) which is attributed to both the (v)-nitrido) and Figure 4 (for Mn(V)-oxo), respectively. The error bars are
misalignment of crystal and curve fitting is considerably larger, mainly due to the crystal misalignment and the curve fitting results.

and thus further discussion of the contribution of dipole versus

quadrupole contributions to the experimental data is not Il. Electronic Structure Calculations. Ground-state DFT
warranted. This peak does not show noticeable dichroism whencalculations have been used to obtain electronic structure
the crystal is rotated within the plane of the macrocyclic ligand descriptions of the Mn(V)-nitrido and Mn(V)-oxo complexes.
(Figure 4a, bottom). This is attributed to the molecular arrange- The orbital compositions for the metal-based d orbitals are

ment in the unit cell, as the neighboring molecules are rotated summarized in Table 3, and the spin-down metal-based mo-
about 90 from each other. lecular orbitals are shown in Figure 6.

The dichroism in the main edge region is much less dramatic ~ For the Mn(V)-nitrido compound, thegbrbital is the HOMO
than that seen in Figure 3 for the Mn(V)-nitrido single crystal, (MO 49) and is dominated by-interactions with the cyanide
in part because multiple-scattering contributions are much ligands. The g and g, orbitals form doubly degenerate LUMOs
smaller for the five-coordinate Mn(V)-oxo complex (see Figure (MOs 50, 51), with significantz-interactions with the axial
1). Additionally, the Mn is displaced from the equatorial ligand nitrido and smaller contributions from the cyanides. Tied
plane by~0.6 A in the Mn(V)-oxo compounds, compared to orbital (MO 52) comprises primarily-bonding interactions with
~0.2 A in the Mn(V)-nitrido compound. Multiple-scattering  the cyanides. At the highest energy is theatbital (MO 53),
effects are strongly dependent on the collinearity of the absorber,which has significant contributions frominteractions with both
backscatterer, and intervening atom. the nitrido and the cyanides, as well as a significant (6.5%) Mn
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Table 3. Results of Calculations for the Five Metal d-Based Orbitals in the Mn(V)-nitrido and Mn(V)-oxo Complexes
Mn(V)-nitrido
MO label 49 (dy) 50 (d) 51 (d,) 52 (de-y2) 53 (d?) total
energy (eV) —4.56 —2.09 —2.09 —0.70 —0.16
orb contribution:
Mn 3d total 74.0 45.3 45.1 58.4 25.2 248.0
Mn 4p, 0 0.3 0 0 0
Mn 4p, 0 0 0.3 0 0.1
Mn 4p, 0 0 0 0 6.5
Mn 4p total 0 0.3 0.3 0.0 6.6 7.2
nitrido 0.2 43.5 43.4 0 145 101.6
cyanides 25.3 105 10.5 40.8 51.0 138.1
Mn(V)-oxo
MO label 137 (&) 139 (d) 140 (d) 141 (dp) 142 (de-y2) total
energy (eV) —5.47 -3.9 —-3.7 -3.1 —2.74
orb contribution:
Mn 3d total 72.1 57.1 57.2 44.8 53.2 284.4
Mn 4p, 0 0.5 0.1 0 0.5
Mn 4p, 0.1 0 0.4 0.3 0
Mn 4p, 0 0 0.1 5.4 0
Mn 4p total 0.1 0.5 0.6 5.7 0.5 7.4
0X0 0.9 16.6 20.4 223 21.8 82.0
macrocycle 23.7 23.5 19.3 25.2 36.0 127.7
N\
4 N 4
(&)
fr— /' .\\
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Figure 6. Spin-down molecular orbitals for the Mn(V)-nitrido (left) and Mn(V)-oxo (right) complexes.

4p, contribution. The general electronic structure description is de-y2 orbital (142) which has significant contributions from both

consistent with that previously reported by Bendix e¥?and

more recently by Hummel and Gré&y.

azr-type interaction with the axial oxo anrginteractions with
the DCB macrocycle.

For the Mn(V)-oxo compound, thedorbital (MO 137) is As discussed above, the pre-edge region of a Hdedge
the HOMO, with significant contributions from the DCB spectrum results from weak quadrupole-allowed 1s to 3d
macrocycle. The LUMO (MO 138) is a primarily ligand-based transitions, which primarily gain intensity through the mixing
orbital with no significant metal contribution and therefore not of metal 4p character into these orbitals giving the transitions
shown here. The,gand g, orbitals (MOs 139, 140) are doubly  significant electric dipole character. Hence, for the Mn(V)-
degenerate set, with contributions frarrtype interactions with nitrido, the calculations indicate a significant pre-edge feature
the axial oxo ligand and a small but significant (1.0% total) due to the 1s to 3d(+6.5% 4p) transition, with no significant
Mn 4p,, contribution. The ¢ orbital (141) has a large contributions from the remaining d orbitals. In the case of the
contribution from ac-interaction with the axial oxo (22.3%)  Mn(V)-oxo, the calculations indicate that transitions to both the
and significant (5.4%) 4gmixing. At the highest energy is the  doubly degenerate,gd,, orbitals (+1.0% 4p,) and the ¢
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07 r T T ; The calculated Mn(V)-oxo complex also has an intense pre-
A —— Mn(V}-nitrido edge feature (due to 5.4% AfBd2 mixing). However, a weaker
06 | —Mn{V}oxo feature to 0.7 eV_Iower energy is also present, Whlch_ is due to
1.0% 4py mixing into the g4dy, molecular orbitals. This may
5 05 be attributed to the greater displacement of the Mn from the
a plane of the Mn(V)-oxo macrocycle. For Mn(V)-nitrido com-
2 pound, the Mn and the four equatorial carbons are nearly in
£ 04 the plane, with a displacement of only0.2 A. However, for
B the Mn(V)-oxo compound, the Mn is displaced 9.6 A from
% 03 the equatorial plane. This distortion from tkgplane allows
£ for 4p,y mixing into the 3d,y, giving this transition dipole-
02 allowed character.

0.1

Intensity (arbitrary units)

6539 6540 6541 6542 6543

Energy (eV)

Figure 7. Comparison of the experimental isotropic (A) and TD-DFT
calculated (B) MnK-pre-edge XAS spectra of the Mn(V)-nitrido and the
Mn(V)-oxo complexesA 1 eV broadening was used for the calculated
spectra. A constant shift of 168.2 eV has been applied to all calculated
spectra.

6544

orbital (+5.4% 4p) will give rise to significant dipole-allowed
intensity. This should result in a weakex4dy,) pre-edge peak
~0.7 eV below a more intense fflpre-edge peak.

In order to more clearly illustrate the trends shown by the
ground-state DFT calculations, we have carried out TD-DFT
calculations allowing for excitation of only the Mn 1s electrons.

The calculated spectra generally show very good agreement
with experiment. The calculated energy difference between the
Mn(V)-nitrido and Mn(V)-oxo pre-edge energy maxima is 1.1
eV, as compared to an experimental separation of 1.3 eV. The
higher pre-edge energy for the Mn(V)-nitrido complex reflects
both the presence of a sixth ligand and the largeionation
from the multiple donor (nitrido and cyanides), which raises
the energy of the drelative to the five-coordinate oxo complex.
The calculated intensity ratio for the Mn(V)-nitrido to Mn(V)-
0X0 pre-edge intensity is 1:2, in reasonable agreement with the
experimentally observed intensity ratio of 1:1.4 (Table 2). The
relative splittings of the two Mn(V)-oxo pre-edge features are
also well-reproduced by the calculation, giving an energy
splitting of 0.7 eV (vs the experimental 0.8 eV splitting).
However, the relative calculated intensity ratio for the lower
energy to the higher energy peak is slightly overestimated, with
a calculated ratio of 0.54:1.0 (vs the experimental 0.34:1.0
intensity ratio (Table 2)).

Discussion

Polarized X-ray absorption spectroscopy on single crystals
significantly expands the electronic structural information over
what is gleaned from studies of isotropic samples. Using the
Mn(V) systems, we have demonstrated the advantage of this
methodology combined with DFT calculations. The X-ray
diffraction patterns taken in situ are used to align crystals in a
certain orientation based on the known crystal structure.
Polarized spectra allow us to orientationally resolve peak
components, and each component can be analyzed and inter-
preted by the relation between the molecular orientation and
polarization characteristics. Polarized EXAFS spectra provide
further support of the relation between the molecular orientation
and the electronic transition.

Figure 7 shows a comparison of the isotropic experimental data Comparison of pre-edge and EXAFS spectra of the Mn(V)

(panel A) to the calculated pre-edges (panel B) of the Mn(V)-
nitrido and Mn(V)-oxo complexe% In both cases, the pre-edge

intensities can be understood based dominantly on electric-
dipole-allowed transitions. Weak quadrupole transitions are also

expected but have not been calculated. The calculated Mn(V)- . X i
I(cychc plane. Using polarized MK-edge XAS data coupled to

nitrido spectrum is dominated by a single intense pre-edge pea
which is due to 6.5% 4pmixing into the 3¢z molecular orbital,

as discussed above. This mixing is mediated by the deviation

from inversion symmetry caused by the short M¥i(nitrido)
bond. No other transitions with significant intensity are calcu-
lated for the Mn(V)-nitrido complex in the pre-edge regfén.

(64) Due to shortcomings of the DFT potentials in the core regions, a constant
shift of 168.2 eV has been applied to all calculated spectra.
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compounds clearly shows that the strong pre-edge peak is due
to the transition component along the Mn&f)l or Mn(V)=0
bonds. Additionally, for the Mn(V)-oxo compound, an unre-
solved low-energy component in the powder spectrum becomes
visible when the polarized spectra are taken along the macro-

electronic structural calculations, we are able to understand the
origins of the Mn(V)-nitrido and Mn(V)-oxo pre-edge features.
In general, the pre-edge region of a MfAedge spectrum
results from weak quadrupole-allowed 1s to 3d transitions, which
primarily gain intensity through the mixing of metal 4p character

(65) It should be noted that the 0.6% total intensity in theathd ¢, orbitals
does not yield significant transition intensity as the calculated oscillator
strength for these transitions is an order of magnitude smaller.



Polarized XAS of Single-Crystal Mn(V) Complexes

into these orbitals giving the transition significant electric dipole
character. The intensity of electric quadrupole-allowed transi-
tions is generally~1% of electric-dipole-allowed transitiofi§,
indicating that a small amount of metal 4p mixing into the metal
3d orbital will dominate the pre-edge intensity. For both the
Mn(V)-nitrido and the Mn(V)-oxo complexes, the short axial
nitrido/oxo distances (1.57 A for Mn(V)-nitrido and 1.55 A for
Mn(V)-oxo) induce a strong ligand field distortion of the metal
site from octahedral environment, resulting in symmetry-allowed
3d—4p mixing?? In such a case, metal 3dip mixing is
mediated by ligand valence orbital interactions, which allow
overlap of both the metal 3d and 4p orbitals. Hence, in a simple
picture, one would predict that a short axial ligand along the
z-axis would allow for a 3g—4p, mixing mechanism. This is
consistent with a ligand-based mechanism for metat4u
mixing, which has been previously proposgd.

For the Mn(V)-nitrido, the calculations indicate a significant
pre-edge feature due to the 1s tgz3cansition. In the case of
the Mn(V)-oxo, the calculations indicate that transitions to both
the doubly degeneratetl,, orbitals and the g orbital will
give rise to significant dipole-allowed intensity (Table 3). This
should result in a weaker {gd,,) pre-edge peak0.7 eV below
a more intense (@ pre-edge peak.

Depending on the nature of the-g mixing, each pre-edge
peak is expected to show different polarization characteristics.
While dipole-dominant transitions depend only on the2dds
between the X-rag vector and the absorbebackscatter vector
(8), the dichroism of quadrupole-dominant transitions is ex-
pected to be further complicated due to the additional contribu-
tion of the X-ray propagation directiork{) to the absorber
backscatter vectorfg:3%52 In the current case, two Mn(V)
compounds showed significantly strong dipole-allowed char-
acter, due to 69% mixing of metal 4p orbital character into
the metal d-based orbitals. Therefore, the-8dz peak com-
ponent (6542.9 eV for Mn(V)-nitrido and 6540.16 eV for Mn-
(V)-oxo) simply follows the trend of the c89 dependence)
angle between the X-ragvector and the Mn axial ligand vector)
as shown in Figure 5. On the other hand, the low-energy 4p
dy,2x component of the Mn(V)-oxo compound (6540.8 eV)
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Figure 8. Comparison of the TD-DFT calculated Mfredge spectra of

the Mn(V)-oxo(DCB) as compared to Mn(V)-oxof8)s, Mn(V)-oxo(Hz0)s,
Mn(V)-oxo(H20)4(OH), and Mn(V)-oxo(HO)4(CHsCOO). A 1 eV broad-
ening was used for the calculated spectra. A constant shift of 168.2 eV has
been applied to all calculated spectra.

peak could easily be detected in the tetranuclear cluster, even
if Mn(V) only represents 1/4 of the sites. Recently, Haumann
et al. studied the MK-edge spectra during thg ® S, transition
using time-resolved X-ray spectroscodylheir study showed

no intensity changes in the pre-edge peak, and therefore, they
concluded the absence of Mn(V) in thg Sate and that there
are no oxidation state or structural changes upon this transition.
Whether the intermediate state they detected is really the S
state or one state prior to the State (QY* state in which a
redox-active tyrosine ligand (Yz) that is linked to the OEC is
oxidized prior to the metal oxidation {8 has been discusséd.

Additionally, the following point needs to be considered when
the pre-edge intensity is used for an evidence or an absence of
the Mn(V) species. The current study shows that the intense
pre-edge features in the Mn(V)-nitrido and Mn(V)-oxo com-

shows more complicated polarization character due to a mixture pjexes result from the short metdigand bond, which distorts

of dipole and quadrupole contribution (Figure 5b).

The Role of High-Valent Mn Species in the OECWhether
high-valent Mn species are involved in a certain intermediate
state of the OEC of PS Il has been a key question in
understanding the oxygen-evolving mechanism. Widely dis-
cussed water oxidation mechanisms catalyzed by theQsin

the complex from an octahedral environment and mediates 3d

4p, mixing. However, it should be noted that the absence of
the strong pre-edge peak does not necessarily confirm the
absence of Mn(V) species. Mn(V)(TDCPP)(O) porphyrin
complexes have been characterfZadhich show significantly
reduced pre-edge intensities relative to the complexes discussed

cluster include (1) nucleophilic attack by water molecules, (2) here and the related complex previously characterized by Weng
oxo-hydroxo fusion, and (3) radical mechanisms. Among these et al33 The decreased pre-edge intensity in Mn(V)(TDCPP)-
proposed mechanisms, high-valent Mn species such as Mn(V)(0) is attributed to a trans effect due to the presence of a sixth

can potentially play a critical role in the nucleophilic attack
mechanism, where either Mn(I¥0*, Mn(V)=0,5"-6% or Mn-
(V)=0 species will be formed in the ,Sstatel®18 Highly
electrophilic terminal oxygen could be attacked by a nucleophilic
water or hydroxide. Generally, a strong pre-edge peak is
considered to be an indicator of a Mn(V) specie® Such a

(66) An experimental estimate for the ratio of dipole to quadrupole transitions
is based on polarized studies Bby- and Dar-[CuCly]?~. The pre-edge
intensity of centrosymmetriD,-[CuCly]?~ represents a pure quadrupole-
based transition, while the increased intensitpin-[CuCl)]2~ represents
an additional contribution due to an electric-dipole-allowed transition (ref
42).

(67) It should be noted that a Mn(¥)0O species has been proposed by Limburg
et al. as an intermediate for their water-oxidizing binuclear Mn complex
(refs 68 and 69). Nam and co-workers have also suggested that their Mn-
(V)-oxo porphyrin complexes have double bond character (ref 31). The
present study shows that the calculated bond orders (based vedirLo
analysis) for five-coordinate Mn(V)-oxo species are close to the idealized
value of 3.0, while for six-coordinate complexes, the bond order is reduced
to ~2.5. This indicates that the Mn(V)-oxo bond is weakened due to the
presence of a trans-axial ligand (consistent with previous vibrational data
(refs 21 and 31); however, it is still a stronger bonding interaction than a
double bond.

(68) Limburg, J.; Vrettos, J. S.; Liable-Sands, L. M.; Rheingold, A. L.; Crabtree,
R. H.; Brudvig, G. W.Sciencel999 283 1524-1527.

(69) Limburg, J.; Vrettos, J. S.; Chen, H. Y.; de Paula, J. C.; Crabtree, R. H,;
Brudvig, G. W.J. Am. Chem. So001, 123 423-430.
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ligand, which results in movement of the Mn atom into the
equatorial plan and a longer, weaker Mn(V)-oxo bond.

The contribution of a sixth ligand can be evaluated through
calculations on hypothetical five-coordinate Mn(V)-oxe®4
and six-coordinate Mn(V)-oxo(#D)4(X) complexes (where X
is the ligand trans to the oxo and X H,O, OH", or
CH3COO"). The TD-DFT calculations on this series are shown
in Figure 8. The calculated pre-edge for Mn(V)-oxo(DCB) is
given as a reference. Similar to Mn(V)-oxo(DCB), the five-
coordinate Mn(V)-oxo(HO), has a very intense pre-edge
feature, which is attributed to the short 1.52 A Mn-oxo bond

protonation is unlikely to be an option in the case of the higher
S states of PS II.

The above explanation of the relationship between pre-edge
intensity and the MO bond length and coordination environ-
ment also extends to Mn(lV), for which one would expect oxo
or hydroxo complexes to have a pre-edge at lower energy when
compared to analogous Mn(V) species. Hence, the pre-edge
spectra can provide complementary information and when
coupled to DFT calculations provide insight into reactive
intermediates, although caution must be exercised in using the
pre-edge spectrum as an isolated signature of oxidation state.

and the displacement of the Mn from the equatorial plane (by Thus, determining whether Mn(I¥O*, Mn(V)=0, or Mn(V)=

0.4 A (vs 0.6 A for DCB)). By replacing the DCB macrocycle
with four waters, the Mn moves further into the equatorial plane

O species are involved in the catalytic mechanism of PS Il will
also require a detailed understanding of the geometric and

(increasing the equatorial ligand field and thus the pre-edge electronic structure of the intermediates.

transition energy). This decreased distortion fromxtihglane
results in a lower total pre-edge intensity and decreasggd 4p
mixing, resulting in a single pre-edge feature similar to the Mn-
(V)-nitrido complex. Upon addition of a trans-axiakb®, the
Mn(V)-oxo bond remains short (1.52 A) but the Mn moves
further into the equatorial plane-0.3 A displacement). This

This study has provided the opportunity to evaluate the origins
of pre-edge transitions in Mn complexes through polarized XAS
studies combined with DFT calculations and adds to the
understanding of high-valent Mn species. The extension of this
approach to more complex model systems and eventually to
the tetramanganese cluster in PS Il should enhance our

results in an increase in the calculated pre-edge energy (due tainderstanding of this complex system and its electronic and
increased ligand field) and a decrease in pre-edge intensity (bygeometric structure.

a factor of~2). Addition of a stronger trans-axial ligand, such
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