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Abstract: The anisotropic g and hyperfine tensors of the Mn di-u-oxo complex, [Mna(l11,IV)O2(phen).]-
(PFe)3*CH3CN, were derived by single-crystal EPR measurements at X- and Q-band frequencies. This is
the first simulation of EPR parameters from single-crystal EPR spectra for multinuclear Mn complexes,
which are of importance in several metalloenzymes; one of them is the oxygen-evolving complex in
photosystem Il (PS II). Single-crystal [Mny(lll,IV)O2(phen)4](PFs)s:CHsCN EPR spectra showed distinct
resolved 5°Mn hyperfine lines in all crystal orientations, unlike single-crystal EPR spectra of other
Mn(111,1V) di-u-oxo bridged complexes. We measured the EPR spectra in the crystal ab- and bc-planes,
and from these spectra we obtained the EPR spectra of the complex along the unique a-, b-, and c-axes
of the crystal. The crystal orientation was determined by X-ray diffraction and single-crystal EXAFS (Extended
X-ray Absorption Fine Structure) measurements. In this complex, the three crystallographic axes, a, b,
and c, are parallel or nearly parallel to the principal molecular axes of Mn,(111,1V)O2(phen)s as shown in the
crystallographic data by Stebler et al. (Inorg. Chem. 1986, 25, 4743). This direct relation together with the
resolved hyperfine lines significantly simplified the simulation of single-crystal spectra in the three principal
directions due to the reduction of free parameters and, thus, allowed us to define the magnetic g and A
tensors of the molecule with a high degree of reliability. These parameters were subsequently used to
generate the solution EPR spectra at both X- and Q-bands with excellent agreement. The anisotropic g
and hyperfine tensors determined by the simulation of the X- and Q-band single-crystal and solution EPR
spectra are as follows: gy = 1.9887, g, = 1.9957, g, = 1.9775, and hyperfine coupling constants are A'
= |171| G, A", = |176] G, A", = |129| G, AV = |77| G, AV, = |74| G, AV, = |80| G.

Introduction of a multiline EPR signal (MLS) centered at = 2 with

Manganese clusters withoxo bridged structures are known hyperfine structure characteristic &Mn (I = 5/2)° On the
to play an important role at the active site in several metal- basis of its flash-number dependence, the MLS was associated
loenzymes, such as catalase and the oxygen-evolving complexvith the S state. The similarity of this signal to the EPR
(OEC) of photosystem (PS) 5> The OEC contains a cluster ~ spectrum of a Mi(ll1,IV) complex with S= 1/2 ground state
of 4 manganese atoms that catalyzes the oxidation of water toled to a proposal for the oxidation state of the Mn cluster. At
dioxygen. This reaction is a stepwise process wherein 4 photonsPresent, the generally accepted interpretation of gratege MLS
absorbed sequentially by the reaction center power the advancds that it arises from a8 = 1/2 antiferromagnetically exchange-
of the OEC through the S-state intermediates{SS, states).  coupled high spin Mi(lI1,1V 5) species:” A similar MLS EPR
The first direct spectroscopic evidence for the association of Signal has been discovered from thesgate? °
Mn with the S-state intermediates emerged from the discovery  Multinuclear, especially binuclear, Mn model complexes have
been extensively studied by several grdéip in the hope that
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a clear understanding of simple model systems would shed lightaxes of molecules directly to tlgeand hyperfine tensors along
on the much more complicated natural system, which remainsthose axes.

poorly understood’~1° The EPR MLS from the OEC contains

The complex used in the present study is a binucleasr- di-

key information about electronic structures, oxidation states, and oxo-bridged Mn compound with phenanthroline terminal ligands,

ligand environment of the Mn cluster. A variety of gioxo-
bridged Mny(lll,1V) compounds with a distinct 16 hyperfine
line EPR signal, similar to that of the OEC in thes3ate, have
been reported. The origin of this MLS was first explained by
Cooper et afo as an antiferromagnetically couplédMn (I =
5/2) binuclear mixed-valence complex of Mn(IlI$ & 2) and
Mn(1V) (S = 3/2) with S= 1/2 ground state. Using the spin-

[Mn2(111,1V)O 2(phen)](PFes)3*CHsCN. The synthesis and the
crystal structure of this complex has been reported by Stebler
et al22 We chose this crystal for our study because the four
molecules in the crystal unit cell line-up in nearly the same
orientation; this enormously simplifies making a relation
between the crystal and molecular axes, and facilitates determin-
ing the hyperfine anisotropy arglanisotropy of a molecule. In

coupled model, it was determined that the intrinsic hyperfine Single-crystal studies of pure complexes, high magnetic con-

constant of Mn(lll) is twice as large as that of Mn(IV) for such

centrations lead to line-broadening via spapin interactions,

a system, leading to the characteristic 16 lines assuming isotropicand this effect often creates a limitation for orientational

g and®Mn hyperfine tensors of approximate|{67] G for
Mn(lll) and | 79| G for Mn(IV). However, the above explanation

resolution. In this complex, however, the unique molecular
arrangements seemed to avoid significant line-broadening and

ignored the anisotropic characteristics of the experimental thiS made it possible to obtain the unique set of anisotrgpic
spectra, and the clear discrepancy between the experimental any@lues and hyperfine tensors. These parameters were related to

simulated spectra of Mn(lll)Mn(IV) complexes remained un-
explained. Thus, it was difficult to elaborate further the

electronic structures of these molecules. Recent studies, how-

ever, have attempted to simulate the EPR signals of the di-

oxo-bridged Mn model systems by considering the anisotropic

characteristics of the multiline signals by utilizing EPR at

different fields and related techniques such as ESEEM and

ENDOR.ll*l?’_lG'Zl

In this study, we have utilized single-crystal EPR spectros-

the molecular axes by the results from single-crystal EXAFS
measurements and X-ray diffraction. On the basis of these
results, we discuss the relationship of EPR features and the
electronic environment of the Mn(lll)Mn(IV) system. This is
the first such study, to our knowledge, of binuclear Mn
complexes that has utilized single-crystal EPR studies at
different fields to assign anisotropiand hyperfine parameters.
Experimental Section

Single-Crystal

Samples. Three binuclear di-oxo-bridged

copy at two micr_oane frequenqies, X (9 GHZ_) and Q (34 GHz) wmn,(11,1Iv) compounds with phenanthroline or bipyridine terminal
bands, to obtain a very precise anisotropic data set for aligands, and PE or CIO,~ counterions, were used in this study. They

Mn(IIDMn(lV) complex directly from EPR spectra collected

are as follows: [Ma(lll,IV)O z(phen)](PFs)s:CHsCN, [Mny(II1,1V)-

with the external magnetic field aligned along a specific crystal Oz(phen)](ClO,)s-H20, and [Mny(l11,IV)O 2(bipy)s](ClO,)s-H-0. These

axis. Multiline EPR signals contain contributions from
anisotropy and hyperfine anisotropy. A combination of X- and

Q-band measurements allows us to emphasize the contribution

of anisotropic characteristics gfvalues to the spectra, since

crystals have a diamond-shaped plate morphology. The solution samples
were prepared by dissolving the crystals in acetonitrile solvent.

EPR Spectra Measurements.Single crystal and solution EPR
spectra were collected at 9.25 GHz (X-band) and 34.5 GHz (Q-band)
frequencies at 9 K. X-band EPR spectra were collected using a Varian

the effect '_s enha'_‘lced at the higher magnetic fl.e.lds, while the E-109 spectrometer equipped with an E-102 microwave bridge.
hyperfine interactions are not affected. In addition, the EPR temperature was controlled by an Air Products Heli-tran liquid helium
study using single crystals provides a direct method of resolving cryostat. Q-band EPR spectra were collected using a Bruker EPR
and orientationally selecting EPR features that are unresolvedspectrometer (EMX 10/12 with ER5106QT Flexline resonator). Tem-
in the spectra of unoriented solution samples. We measured theperature was maintained using a liquid helium cryostat (Oxford
X-ray diffraction and polarized X-ray absorption spectra (XAS) Instruments)._ Bot_h X- and Q-b_and measur(_aments were taken with 100
using the same crystals. The X-ray diffraction and the extended kHz magnetic field modulation. The microwave frequency was

X-ray absorption fine structure (EXAFS) region of XAS together

with single-crystal EPR spectra allowed us to relate the principal

(11) Schier, K. O.; Bittl, R.; Zweygart, W.; Lendzian, F.; Haselhorst, G.;
Weyhermuller, T.; Wieghardt, K.; Lubitz, WI. Am. Chem. Sod 998
120 13 104-13 120.

(12) Zheng, M.; Dismukes, G. @norg. Chem.1996 35, 33073319.

(13) Policar, C.; Kripling, M.; Frapart, Y. M.; Un, SJ. Phys. Chem. B998
102 10 39110 398.

(14) Randall, D. W.; Sturgeon, B. E.; Ball, J. A; Lorigan, G. A.; Chan, M. K.;
Klein, M. P.; Armstrong, W. H.; Britt, R. DJ. Am. Chem. S0d995 117,

11 780-11 789.

(15) Randall, D. W.; Chan, M. K.; Armstrong, W. H.; Britt, R. Mol. Phys.
1998 95, 1283-1294.

(16) Schiter, K. O.; Bittl, R.; Lendzian, F.; Barynin, V.; Weyhermuller, T.;
Wieghardt, K.; Lubitz, WJ. Phys. Chem. B003 107, 1242-1250.

(17) Rutherford, A. WBiochim. Biophys. Actd985 807, 189-201.

(18) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A;
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. OJ. Am. Chem. So2000
122 10 926-10 942.

(19) Peloquin, J. M.; Britt, R. DBiochim. Biophys. Act2001, 1503 96—111.

(20) Cooper, S. R.; Dismukes, G. C.; Klein, M. P.; Calvin, B1.Am. Chem.
Soc.1978 100, 7248-7252.

(21) Tan, X. L.; Gultneh, Y.; Sarneski, J. E.; Scholes, CJ.;PAm. Chem. Soc.
1991, 113 7853-7858.

calibrated using a standard sample of TEMPO (Aldrich,.80, 50
vIv% glycerol solution). The single-crystal sample was rotated in the
liquid He dewar/EPR cavity using a home-built goniometer.

EPR Spectra Analysis.In the Mn(lll)Mn(IV) system, which has
two hyperfine centers, the effective EPR spin Hamiltonian with the
total spin of S= 1/2 is written as

H = .0BS+ SA"l + sAY| 1)
whereA" and AV are the hyperfine coupling tensors for Mn(lll) and
Mn(IV), | is the nuclear spinl(= 5/2 for ®Mn), B is the magnetic
field, Be is the Bohr magnetory is the effective g tensor, arfilis the
total electron spin. For a Mn(lll)Mn(1V) system with antiferromag-
netically coupled3" (Mn(lll)) = 2 andSV (Mn(IV)) = 3/2 states that
generate &= 1/2 ground state, the g tensor from the coupled Mn(lll)
and Mn(1V) ions i§3>25

g= 2gIII _ g|v _ g(gm _ g'V)(7D"' + 2DIV)

5 @
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whereg" andg" are theg tensors of monomeric Mn(lll) and Mn(1V)
ions, J is the isotropic exchange coupling constartf —2J3"3V),
andD" andD" are the zero-field splitting tensors of the monomeric
Mn"" and Mrl¥ ions?® In the same manner, the magnetic hyperfine
tensors of the coupled two nuclél" andA"v, can be written as

AIII — 2a||| + é(?D”I + 2DIV)aIII (3)

AV — gV _ é(7DIII +2DVya 4)

wherea anda are hyperfine tensors of the monomeric Mn(lll) and
Mn(IV) ions.
For a rhombic system, eq 1 is written as
H=8B S gs+ 3 SA"li+ 5 sAY, (9

1=X\Y,Z2 1=XY,Z2 1=Xy,.2

Yano et al.
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Figure 1. Geometrical model of the [Mxlll,IV)O 2(phen)] molecule with

the definition of the coordinate system used for the g and hyperfine tensors.
The MO, unit, which is planar, is in they plane, with thex andy axes
along the Mia-Mn and the oxo-bridge oxygens, respectively. Beis is
perpendicular to the Mi®; plane. On the right is the coordinate system of

EPR solution spectra were simulated by the programs developed bythe g and hyperfine tensors and the relation to the magnetic Bld)(is

White and Belforé®?”for the total spin ofS= 1/2 systems and modified
by our group. The program includes second-order hyperfine interaction

up to the second nuclei. The two isolated spin systems were added

using the vector projection model for the exchange-coupled system.
For the simulation of single-crystal EPR spectra, we used a modified

version of the programs to calculate the EPR spectra at specified angles P

of the magnetic field with respect to tigeand hyperfine tensors. Slightly
different microwave frequencies for individual spectra lead to small
shifts of the spectra on the magnetic field axis relative to each other.
Therefore, the simulation was done using the precise microwave
frequencies of the individual spectra.

X-ray Diffraction Measurements. Indexing of the crystals was
carried out by standard X-ray diffraction methods (Rigaku/MSC).
Crystals were mounted on a 2-circle goniometer, and the diffraction
data were collected using a Mar345 imaging plate detector (MAR USA
Inc.). The data collection was carried out at room temperature.

X-ray Absorption Measurements. X-ray absorption spectra were
taken at the Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline 9-3 at an electron energy of 3.0 GeV with an average current
of 70—-90 mA. The radiation was monochromatized by a Si(220)
double-crystal monochromator which was detuned at 6600 eV to 50%
of maximal flux to attenuate the X-ray 2nd harmonic. Intensity of the
incident X-ray was monitored by anMilled ion chamber Ig) in front

the angle betweeB and thez axis; ¢ is the angle of the projection of B in
the xy-plane; a is the noncoincident angle between the g and hyperfine
tensors. TheX andY axes define the coordinates of the hyperfine tensor
whena = 0 (z as the common axis).

ac-plane

£33
3?35 bid

I

bc-plane

£
B

Bridging oxc @

ab-plane

i

e
e fofe

a

ﬂ/v

b a 5 b

Mn @ Terminal M ©

Figure 2. Molecular arrangement in the crystal unit cell of [j(il,1V)-
Oy(phen)](PFs)s*CH3CN; only the Mn, bridging O atoms, and terminal N
ligand atoms are shown in tfed-, ac-, andbc-planes?? The MO, unit is

in the ac-plane and the MaMn vector is almost perpendicular to the-
plane.

Coordinate System and the Crystal Structure of Mny(ll1,IV) Di-

of the sample. Data were taken as fluorescence excitation spectra using:-oxo Bridged Phenanthroline Complex.An x,y-rotated coordinate
a germanium 30-element energy-resolving detector (Canberra Electron-system was used for the definition gf and hyperfine tensors of

ics). Energy was calibrated by the preedge peak of KM (6343.3
eV), which was placed between twofilled ionization chambers
after the sample. The sample crystal was mounted on a two-circle

[Mn2(111,IV)O z(phen)] according to Gamelin et al. (Figure 3)The
site symmetry of the MiO, moiety is approximatel{,,, and thez-axis
is defined to be perpendicular to theexo-plane. The- andy-axes

goniometer, and spectra were taken at several orientations by rotatingare defined as two orthogonal axes in theteixo-plane; thex-axis is

the crystal relative to the incident polarized X-ray radiation.

A combination of XANES and EXAFS spectra was collected from
6400 to 7100 eV at room temperature; 3 eV/point from 6400 to 6535
eV, 0.2 eV/point from 6535 to 6576 eV, and 0.05%point in k-space
from 2.07 to 12.0 A (6576 eV to 7100 eV). In th&space region,
collection time was weighted using a cubic function from a minimum
of 1 s per point at lovk values to a maximum of 15 s per point at high
k values. The EXAFS analysis was performed following methods
described in detail previousf.

(22) Stebler, M.; Ludi, A.; Bugi, H.-B. Inorg. Chem.1986 25, 4743-4750.

(23) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Syster@pringer-
Verlag: Berlin, 1990.

(24) Blondin, G.; Girerd, J.-Chem. Re. 1990 90, 1359-1376.

(25) Zheng, M.; Khangulov, S. V.; Dismukes, G. C.; Barynin, V. Morg.
Chem.1994 33, 382-387.

(26) White, L. K.; Belford, R. L.Chem. Phys. Lettl976 37, 553-555.

(27) White, L. K. Ph.D. Thesis, University of lllinois, Urbana-Champaign, 1975.
(28) 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.
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parallel to the Ma-Mn vector, while they-axis is perpendicular to it.
The crystal structure of [M(lll,1V)O z(phen)](PFs)s*CHsCN has
been reporteé? It crystallizes in the orthorhombic, space grdeipcn
with a = 9.891 (3) A,b = 22.690 (9) A,c = 22.858 (8) A,z = 4.
Figure 2 shows the projections of molecules in the crystal unit cell.
The Mn—oxo—Mn planes are in thac-plane and the MaMn vectors
are nearly parallel to the-axis of unit cell. Table 1 specifies the relation
between the molecular axes and the crystallographic axes more
precisely. Thez-axis of the molecule is parallel to the-axis and
perpendicular to the- and c-axes. As can be seen in Figure 2, the
Mn—Mn vector of each molecule is approximatelyffom thec-axis
in theac-plane, and the neighboring molecules (indicated as Molecule
I and Il in Table 1) are related by the 2-fold rotation axis symmetry.
Thus, thea- and c-axes are nearly parallel to the and x-axes of
molecules with approximately®7of deviation.

(29) Gamelin, D. R.; Kirk, M. L.; Stemmler, T. L.; Pal, S.; Armstrong, W. H.;
Penner-Hahn, J. E.; Solomon, EJI.Am. Chem. S0d.994 116 2392-
2399.
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Table 1. Orientation of g-Tensor Axes of
[Mn2((111,1V)O2(phen)s](PFe)3*CH3CN Molecules in the
Single-Crystal?

gy axis parallel to gy axis parallel to g, axis perpendicular to
crystal the Mn—Mn vector t¥1e 0-0 vector the Mn,O, plane
axis molecule | molecule I molecule | molecule Il molecule land 11
a 82.8 —82.8 —-7.5 7.5 90
b 90 90 20 90 0
c 7.2 —-7.2 —82.5 82.5 90

aThe angles (deg) between the crystallograghis, andc axes and the
g-tensorg? | and Il are two adjacent molecules in the unit cell of the crystal.

Results

Determination of the Orientation of the Single Crystal.

The orientation of a crystal was determined using both polarized

EXAFS and X-ray diffraction. X-ray diffraction was used to

hyperfine splitting in all orientations and exhibit a 280
periodicity, as expected from the symmetry of the crystal.
Depending on the orientation of the crystal, both the number
of hyperfine components and the center of the hyperfine signal
change, showing the strong anisotropic characteristics in both
ab- and bc-planes. The spectra along thae b-, and c-axes,
identified in red in Figure 3a,b, exhibit a total width 6fL350

G, ~1170 G, and~1290 G, respectively.

We also measured the Q-band EPR spectra, using the same
crystal and following a similar protocol; the Q-band spectra in
theab-andbc-planes are shown in Figure 3c,d. The total width
of the spectra is similar to that observed for the X-band data.
However, the relative center of the spectrum among three
extreme orientations is clearly different, indicating the presence
of significant g anisotropy.

These unique spectral features along @heb-, and c-axes

screen the crystals and index them. The crystals were mountedshOW the rhombic symmetry of g-values a¥¥in hyperfine

on small Mylar strips for EPR measurements and, after the EPR

couplings. In the following section, we describe the simulation

measurements, the same crystals were used for polarized EXAFS these three spectra by taking into account the molecular

measurement to obtain the direction of the-Mvin vector and
Mn,0O, plane to a high degree of accuracy.
The single crystal of [Mg(l11,1V)O (phen)](PFs)3*CH3CN

was mounted on the goniometer such that the crystal long axis

was parallel to the X-raye-vector and the crystal face was
perpendicular to the incoming X-ray beagh{sta= 0°, xcrystal

= 0°) (see Supporting Information). Then polarized XAS spectra

were taken by rotating the crystal about theandy-axes. The

unique set of polarized spectra were obtained at the three

extreme orientationsprystar xcrysa) = (0°, 0°), (0°, 9¢°), and
(90°, 0°) which are parallel to the crystal, a-, and b-axes,

respectively. A comparison of the crystal structure and the

arrangement in the crystal.

Simulation of Single-Crystal EPR Spectra.The molecular
site symmetry of the di-oxo bridged MO, planar unit is
approximatelyC,,. Therefore, this symmetry was used for the
definition of the molecular orientation for the simulation of the
single-crystal EPR spectra (see Figuré®fhe angled defines
the tilt angle of the magnetic field (B) from theaxis, andg
defines the angle of B in they-plane. The noncoincident angle,
o, betweerg and hyperfine tensor axes was assumed to be zero
in the initial simulation. The spectrum parallel to thexis of
the crystal was used for the determination of fomponents
of g and hyperfine parameters, sinbéz ((0, ¢) = (0°, 0°)).

polarization characteristics of Mn EXAFS explains well the £, the determination of andy components, the spectra parallel

relation between the orientation of crystallographic axes and {; the c-

crystal morphology. The-axis, which is parallel to the Mn
Mn vector, coincides with the direction of the long axis of the
crystal, and thé-axis is perpendicular to the crystal face. The

a-axis is parallel to the short axis of the crystal. Thus, the

and a-axes were used, respectively. As indicated in
Table 1, thex- andy-axes of the neighboring molecules have a
small orientational deviation; those axes are approximately 7
from the crystallographic axes and directed away from each
other. Incorporating these deviations, theand ¢ angles for

molecular geometry and distances obtained from polarized y,q gimylation of the polarized spectrum along each crystal-

EXAFS coincide well with the crystallographic data. The

orientation of the crystallographic axes was also obtained by p ;14 (90, 7°
X-ray diffraction measurement, which confirmed the molecular j '

orientation that emerged from polarized EXAFS.

This methodology allowed us to obtain independent data on
the orientation of the same single crystal, in the same sample

lographic axis were set a8,(¢)= (90°, 83) for a, (0°, 0°) for
) for the c-axis. The angle dependence of the
value is obtained by the following equatiét.3?

9(0.¢) = (9% + g/’ + g,/ )" (6)

holder, as was used for EPR measurements after the XRDyjth the direction cosines,= sin 6cos¢, m = sin 6sin ¢, and
measurements. These studies provide the underpinning for then = ¢os 6.

assignment of the anisotropic EPR parameters and their cor-

relation to the molecular axes of the complex.
Single-Crystal X- and Q-Band EPR Spectra.Using the

EXAFS and XRD results as an indicator of crystal orientation,

the EPR spectra in the crystallographle andbc-planes were
collected by rotating the crystal around tlee and a-axes,

respectively (Figure 3). Figure 3a shows the X-band spectra in
the ab-plane. A crystal was mounted in the EPR cavity such
that the magnetic field (B) is parallel to the crystallographic
a-axis (@ orientation). Then the crystal was rotated around the

c-axis by 10 steps to 170 At 90°, the magnetic field coincided
with the direction of theb-axis of the crystal. In the same
manner, single-crystal spectra were taken in ltbglane. In
Figure 3b, the magnetic field is parallel to tbaxis at the 0
setting and parallel to thie-axis at 90. The spectra show clear

The angle dependence of tf&Mn hyperfine coupling,
A(0,9), is given by

9(0.0)°A0.6)° = (19,A, + MgA, +ngA ) +(gA, +
mgA,+ngA, )’ + (Ig.A, + mgA, +ngA,)? (7)

In the case where the hyperfine tensor axes coincide witlg the
tensor axes, eq 7 can be simplified as (see Figure 1)

9(0.9)°A0.0)° = (Ig,A)’ + (MgA)’ + (ngA)’ (8)

The approximatg values were obtained from the center of the
hyperfine lines along each crystallographic axis, first with

(30) Pilbrow, J. R.; Winfield, M. EMol. Phys.1973 25, 1073-1092.
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Figure 3. Angle dependence of the single-crystal EPR spectra ob(MiV)O 2(phen)](PFe)3:CH3CN in theab-plane (a, ¢) and in thiec-plane (b, d). The
X-band spectra are shown in (a, b) and the Q-band spectra in (c, d). The spectra were taRestegisIffom 0to 17C°. The inset on top shows the rotation
axis. The spectra in red are the unique spectra with the magnetic field, B, parallel aplihandc axes of the crystal. In the Q-band spectra, slightly
different microwave frequencies for individual spectra lead to small shifts of the spectra on the magnetic field axis relative to each other.tHewever
simulations shown in Figure 4 were carried out using the precise microwave frequencies of the individual spectra.

X-band spectra and then more precisely with Q-band spectra.tensors (Figure 1). The quality of simulation improved aban

A set ofg values thus obtained was used for fitting the hyperfine

parameters, initially assuming a constant Gaussian line width.

Fitting was completed when a consistent setgofalue and

= 5° but the effect was not significant.

The relatively large line width is due to the high spin
concentration in the single crystals leading to a low resolution

hyperfine parameters for both frequency bands was found thatof the anisotropic parameters determined above. Therefore, the

could not be improved further. The best fit was obtained with
the Gaussian line width (half width at half-maximum for the
absorption spectrum) of 69 G along tb@xis, 45 G along the
a-axis, and 57 G along theaxis, independent of the frequency
of the microwaves. In Figure 4, the solid lines show the

experimental spectra, and the dotted lines show the results of.

the single-crystal EPR simulation. The final values obtained
from these spectra werg, = 1.9860 ¢0.0010),9, = 1.9935
(£0.0010),9, = 1.9740 ¢0.0008) Ay = |170 @&2)|, A"y =
1176 (£2)|, All, = |129 @2)|, AV, = |76(*2)|, AVy = |75
(£2)], AV, = |79 ( 2)| G. We also tried to include the effect
of the noncoincident angle between the g and the hyperfine

(31) Abragam, A.; Pryce, M. H. LProc. Royal Soc. London Ser. A- Math.
Phys. Sci1951 205 135-153.

(32) Blum, H.; Salerno, J. C.; Leigh, J. S., Jr.Magn. Res1978 30, 385—
391.
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final determination of they and hyperfine tensors was carried
out by applying those parameters to the simulation of the
solution spectra.

Simulation of Solution Spectra.Solution spectra were taken
by dissolving crystals of [Mg(l11,1V)O »(phen)](PFs)s:CH:CN
in acetonitrile. The spectra showed a typical 16 line EPR
spectrum at X- and Q-bands, as reported in the literature from
Mn(lIMn(1V) exchange-coupled complexes (Figure?8)Jsing
theg values and hyperfine constants obtained from the simula-
tion of single-crystal EPR spectra as starting parameters, we
carried out the fitting of solution spectra at both frequencies.
The line width of hyperfine coupling was kept constant at 15
G, and we kept the noncoincident angle at Dhe final set of
g values and hyperfine constants obtained are listed in Table 2
and the simulated spectra are plotted as dotted lines in Figure
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Table 2. g Values and Hyperfine Constants? from the Present Single-crystal Study Compared to Other Simulations from EPR and ENDOR
Studies Using Solution Spectra

present study Schafer et al.* Randall et al.*® Policar et al.®

[(phen)sMn,"Y [(phen)sMn,"Y [(phen)sMn,"" [(phen)Mn,"

(-0)2](PFe)s (1-0)](ClO4)s (1-O))(CIO4)s (1-O)](CIO4)s

compound *CHsCN +CH3;COCH;3 -H,0 *Solvent not specified

form single-crystal solution solution solution

Ox 1.9887 1.992 1.995 2.0002

Oy 1.9957 1.998 1.995 1.9950

[o X 1.9775 1.98 1.982 1.9814
Al Al —481 (—171) —485 (—173) —480 —49%
Al —493 (—176) —504 (—-178) —480 —468
All, —365 (—129) —387 (—130) —378 —339
AV AV, 215 (77) 216 (77) 213 2p1
AV, 206 (74) 213 (75) 213 271
AV, 227 (80) 230 (84) 229 233

aUnit of hyperfine constants: MHz (the values are also given in Gauss in parentheses for the present study and for the reference when the authors
reported it in the paper.p The definition ofgs, gy, g, in the present study, Sttea et al.}* and Randall et &l are the same with respect to the molecular
orientation. The conventiog, > g, > g, was used in the study of Policar et &.and the subscripts do not necessarily denote directions in the molecular
frame. However, the definition af, is the same as in the other studies.

(a) X-band (b} Q-band
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Figure 4. Simulation of the single-crystal EPR spectra of [NIH,IV)-
Oz(phen)](PFs)3*CH3CN collected at X-band (a) and Q-band frequencies
(b). The three experimental spectra are shown as solid lines, and with the
magnetic field, B, parallel to each of the crystallographidy, andc axis.
Simulations are shown as dotted lines. The best fits for all the single-crystal
spectra shown here were obtained with the anisotropic tensggs-01.9860
(40.0010),gy = 1.9935 (£0.0010),g, = 1.9740 (-0.0008), A"y = |170

L L 1 1 1 1 1 L L L L
(&2)], Al = |176 (£2)], A, = [129 (2)|, AV, = [76(2)], AV, = [75 11600~ 12000 12400 12800
(£2)|, AV, = |79 (&2)| G, with the Gaussian line width (HWHM for the Magnetic Field (Gauss)
absorption spectrum) of 69, 45, and 57 G along the, and b-axes,

Figure 5. Solution EPR spectra of [M(lI1,1V)O 2(phen)](PFes)3-CHsCN

in acetonitrile (solid lines in black) with the simulation spectra (dotted lines
in green); X-band and Q-band. Tlgeand hyperfine tensors of the best
5. The obtained data set yielded consistent results in simulatingsimulation for both frequencies age = 1.9887,g, = 1.9957,g, = 1.9775,

the solution spectra at both X- and Q-band frequencies. TheA"x= 171 G, Ally = |17§ G, A", = [129 G, AV = |77| G, AYy = [74]
. . G, AV, =180 G, with a line width of 15 G (HWHM).
single-crystal spectra were reasonably reproduced using these™ ’

values at both frequencies. the 36 expected lines (with isotropgcand hyperfine values)
was attributed to overlap of the hyperfine lines caused by the
two-to-one ratio of the Al to AV hyperfine values. Even in

In this study, the orientation of the g and hyperfine tensor studies at Q-band where the presence of anisotropy should be
axes of [Mn(ll,IV)O x(phen)](PFs)3*CHsCN complex with apparent, the solution EPR spectrum still exhibited only 16 lines.
respect to the molecular structure was obtained directly from The single-crystal EPR spectra shown in Figure-8alearly
the single-crystal EPR spectra. We obtained a rhombic g anddemonstrate the presence of both g and hyperfine anisotropy;

respectively.

Discussion

hyperfine tensor system witty, = 1.9887,9, = 1.9957,9, = therefore, the traditional explanation for the 16 line spectrum
1.9775 A", = |17] G, A"y = 176 G, A", = |129 G, AV, is too simplistic. In the single crystal spectra, the number of
= |77 G, AV, = |74 G, AV, = |80| G. lines ranges from 8 to 16 as a function of the orientation. It is

The hallmark of the EPR spectrum from exchange-coupled because (1) the relatively large line width of single-crystal EPR
oxo-bridged Mn(lll,1V) clusters was the observation of 16 spectra makes some lines unresolved, (2) the two-to-one ratio
hyperfine lines assigned to a coupling of the Mn(lll) and of A" to AV does not hold in all directions, and (3) the number
Mn(IV) nuclei. The presence of 16 hyperfine lines instead of of lines resolved in a specific orientation depends on the
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anisotropic line width. In the following part, we discuss the
origin of anisotropiay and>*Mn hyperfine parameters and line

In the mixed valence system of [Mll,IV)O x(phen)]-
(PFs)3*CH3CN, the deviation of thg-value is 0.018, with the

width by comparing them to the parameters of mononuclear smallestg value along the moleculardirection @;). Although

Mn(lll) and Mn(1V) ions.

g-Values. The present EPR study of single crystals shows
that the rhombiqy values are in the ordeg, < gx < gy. The
lowestg value is along the direction of the moleculaaxis,
which is perpendicular to the gi-oxo plane. Thegk value is
along the Mr-Mn direction, and it is smaller thagy, which is
along the axis that bisects the M®—Mn. The EPR spectra

the g tensor derives from both Mn(lll) and Mn(IV) centers, the
present result clearly shows that most of the g anisotropy of
the Mn(lIHMn(1V) system arises from the Mn(lll) center. The
crystallographic data of Mn(ll)Mn(lIV) complexes usually
exhibit a longer MA-Nax bond (moleculaiz-direction) length

at the Mn(lll) site, indicating the presence of distinct Mn(lll)
and Mn(lV) sites in the Mn(ll)Mn(1V) complexe$t—7 Just

and anisotropic g and A values derived from these spectra clearlyas in the case of the Mn(lll) monomer, the unpaired electron
indicate the valence-trapped nature of the mixed valence occupies thedz orbital of the Mn(lll) site in the Mn(lll)-

complex. Hence, reviewing the g-values from Mn(lll) and
Mn(1V) monomers is useful for understanding the origingyof
and A anisotropy in this complex.

In a typical Mn(lll) monome¥® with d* configuration $to¢'ey),
a single unpaired electron occupies thantibondingd2 orbital.
This leads to the distorted octahedral environment with Jahn
Teller distortion along thel2 direction®* with a °B; ground
state3® The deviation of thegy values along the tetragonally

distorted axis and in the equatorial direction for such a ground-
state configuration can be described by the equations described

in the footnote®® These show that thg @long thed direction
will be smaller compared tgy in the x andy direction. No
differences have been observed in grealues in the equatorial
directions & andy) in Mn(lll)(dbm)z and Mn(lll) in rutile in
which the six oxo ligands are structurally equivalent in he

y, z directions33:36 On the other hand, rhombig values have
been reported for the [(terpy)M{N3)s], (terpy, 2,2:6'2"-
terpyridine) complex where the six N ligands are structurally
nonequivalent’

For the Mn(IV) monomer with ai® configuration £tyg), the
anisotropy in theg values is usually smaller compared to the
Mn(ll1) ion due to the symmetric electronic configurati&t#©
The deviation of theg value is in the vicinity of 0.004 for
Mn(IV) depending on the ligand environment, while in the
vicinity of ~0.02 for Mn(lll).

(33) Gerritsen, H. J.; Sabisky, E. Bhys. Re. 1963 132, 1507-1512.

(34) This effect is reflected by the longer Mn-ligand bond alongthéirection
in the crystal structure data.

(35) Theg-values of the tetragonally distorted Mn(lltf system with aB;
ground state are described by the following equations,

mo_ 81
9 =%~ AE,
mo_ 24
9 = 0% — AEZ

wherege is the g value of the free iond = 2.0023),AE; and AE; the

Mn(IV) di-u-oxo complex?® By assuming &B; ground staté?
the rhombicg values along each of the molecular axes can be
described by the following equatioits

8
= _ 9
%= % 2 ) (©)
—y 2
2
gy - ge AE(yZ_’ Xy) (11)

where AE is the energy difference between the ground state
and the excited state amtl, is the excited state in the present
case? Itis clear from eqs 911 thatg, will be the lowest value,

as is observed experimentally. In the Mn(ll)Mn(IV) complexes,
x andy directions are structurally nonequivalent (Figure 1). In
addition, the bonding interactions between the meiatbitals
and oxygenp-orbitals are different in the andy directions.
The crystallographic data show that the oxo-Mn-oxo angle is
84°, whereas Mr-oxo—Mn angle is 96. The acute angle of
oxo-Mn-oxo indicates stronger interaction along xhdirection.
Therefore, the energy level df, > dy, and, as a consequence,
Ox < gy according to eqgs 10 and 11. Our experimental data are
consistent with this theoretical observation.

Hyperfine Coupling. In the present study we have obtained
rhombic hyperfine tensoré\'y = —171,Ally = —176,All, =
—129,AV, =77,AV, = 74, AV, = 80 G, with the anisotropy
of AA" = 47 G andAAY = 76 G. The sign of these hyperfine
coupling constants has been explained in the liter&fuldne
result shows the strong anisotropic character in Mn(lll), but less
in Mn(1V). In the Mn(1V) d® monomer? the magnetic hyperfine
tensors are nearly isotropic due to the symmetric electronic

energy difference between the corresponding ground state and the excited(41) Plaksin, P. M.; Stoufer, R. C.; Mathew, M.; Palenik, GJ.JAm. Chem.

state, and., the spir-orbit coupling constant for a singkelectron.
(36) Barra, A.-L.; Gatteschi, D.; Sessoli, R.; Abbati, G. L.; Cornia, A.; Fabretti,
A. C.; Uytterhoeven, M. GAngew. Chem1997, 36, 2329-2331.

(37) Limburg, J.; Vrettos, J. S.; Crabtree, R. H.; Babcock, G. T.; de Paula, J.

C.; Hassan, A.; Barra, A.-L.; Duboc-Toia, C.; Collomb, M.4Norg. Chem.
2001 40, 1698-1703.

(38) Theg values of a Mn(IV)d® system with &A, ground state are described
by the following equations,

81
9" =0~ AE,

2A
9 = 9e — A_Ez

whereAE; andAE; are the energy differences between the corresponding
ground state and the excited state (see ref 35 for other notations).

(39) Geschwind, S.; Kisliuk, P.; Klein, M. P.; Pemeika, J. P.; Wood, DPhys.
Rev. 1962 126, 1684-1686.

(40) From, W. H.; Dorain, P. B.; Kikuchi, QPhys. Re. A 1964 135 A710—
714.
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Soc.1972 94, 2121-2122.

(42) Jensen, A. F.; Su, Z. W.; Hansen, N. K.; Larsen, Aniérg. Chem1995
34, 4244-4252.

(43) Wilson, C.; Larsen, F. K.; Figgis, B. Mcta Crystallogr. Sect. €Cryst.
Struct. Commun1998 54, 17971799.

(44) Baffert, C.; Collomb, M.-N.; Deronzier, A.;'Baut, J.; Limburg, J.; Crabtree,
R. H.; Brudvig, G. W.Inorg. Chem.2002 52, 1404-1411.

(45) Goodson, P. A.; Glerup, J.; Hodgson, D. J.; Michelsen, K.; Pedersen, E.
Inorg. Chem.199Q 29, 503-508.

(46) Goodson, P. A.; Oki, A. R.; Glerup, J.; Hodgson, DJ.JAm. Chem. Soc.
199Q 112, 6248-6254.

(47) In general, elongated Mrigandyia distances are observed along the
direction of JahnTeller distortion in Mn(l11)3344 In Mn(lIl)Mn(lll)
symmetric compounds, the MiNaya distance is close to 2.4 A, whereas
MNn—Nequatorial & 2.1 A% In contrast, the Mn(IV) sites are structurally
identical in the Mn(IV)Mn(IV) complex (MA-N = 2.1 A)2246 The
structural distortion at the Mn(lll) site in the Mn(lll)Mn(lV) complexes is
smaller (Mn(Il1)=Naxiar &~ 2.25 A, Mn(Ill)—Neguatorial & 2.1 Ay24+44
compared with the Mn(lIl)Mn(l1l) complexes, suggesting that the unpaired
electron is not completely localized in the orbital on the Mn(lll) center
in the mixed valence system.
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configuration $t,g). Some exceptions have been observed in anisotropy of the two Mn centers, mostly decreasing the

strongly perturbed octahedral environmetit®n the other hand,
large hyperfine anisotropy has been observed in Mnf)
monomers Y4'ey).31334€In addition, the zero-field splitting of
the Mn(1V) ions is smaller|D"V| < 1 cnT1)3%40than the value
of Mn(lll) ions (|ID"| ~ 4 cn1).33:36.37|n the Mn(I)Mn(1V)
mixed valence system, the anisotropy transfer from Mn(lll) to
Mn(IV) through zero-field splitting perturbation arises from the

anisotropic effect at the Mn(lll) site. (2) The hyperfine tensors
(A" andAY) and the zero-field splitting tensorB'{' andD'V)

of the intrinsic Mn(lll) and Mn(IV) ions we used for the
calculations are both from the six O-ligand complexes, rather
than from mixed N and O ligand complexes. We know of no
appropriate Mn monomers which have a mixed ligand environ-
ment; therefore, the present calculation does not include this

second term of eqs 3 and 4. We expect from the above effect.

observations that the hyperfine anisotropy of Mn(lll) can be

basically explained by the intrinsic Mn(lll) hyperfine anisotropy,

Interestingly, the crystallographic data of [MHI,IV)O .-
(phen)](PFs)3*CH3CN do not show the difference between

while the major source of the Mn(IV) hyperfine anisotropy arises Mn(lll) and Mn(IV), unlike other reported crystal structures of

from the transferred zero-field splitting perturbation from
Mn(lln). 131525

Mn(IIDMn(IV) di- u-oxo complexe$!~44 This is probably due
to the transposition of Mn(Ill-Mn(IV) and Mn(I1V)—Mn(l11)

In the following section we compare our experimental values units in the crystal as Stebler et al. mentiodé@his structural
with the calculated values using the intrinsic values reported disorder is the possible reason for the small difference between

for Mn(lll) and Mn(lV) ions. The intrinsic hyperfine tensors
for the monomeric Mn(lll) ions in Ti@are from Gerritsen and
Sabisky® who reported values dfcy = 88.8 G andA, = 56.5
G withD = —-3.44+ 0.1 cnt! andE = 0.116+ 0.001 cntl.
For Mn(1V) ion in TiO,, From et al® obtained values o, =
77.7£0.5G,A =754+ 0.5 G, andA, = 80.6+ 0.5 G with
D = 0.88184+ 0.003 cm* and E = 0.2635+ 0.003 cntl.

the averaged distances of Mblequatorial and Mn—Nayial
(A{ (MNn—Neguatorig —(MN—Naxia)} ~ 0.02 A); in other reported
crystal structures of Mn(lll)Mn(IV) system, the difference is
in the range of 0.050.1 A. In fact, the evidence of the trapped
Mn(l11) and Mn(IV) valences in [Ma(l11,IV)O »(phen)](PFs)s*
CH3CN is clear in the present EPR spectra; two distinct
hyperfine couplings of Mn(lll) and Mn(1V) are observed in the

When these two isolated spin systems are combined using thex, y, andz directions, which we do not expect from the system
vector projection model for exchange-coupled systems, the where the spin is completely delocalized on two Mn centers.

expected hyperfine terms of Mn(lIl)Mn(1V) complexes a8, ,
=172 G, A, = |110 G, AV, = 72| G, AV, = |69 G, AV,
= |74| G, with anisotropy ofAA"" = 62 G andAAY =5 G
from eqgs 3 and 4, using= —148 cnt%, D" = —3.4 cnm ! and
DV = 0.8818 cm™.

Line Width. In general, hyperfine splitting is not observed
in single crystals of Mn(lll)Mn(IV) complexes due to the
broadening of the individual absorption curves caused by the
large spir-spin interaction. In the single-crystal spectra of (Mn
(I1,IV)O 2(bipy)a](ClO4)3°H20 and [Mn(Il1,IV)O (phen)](ClO )3

The experimental values are in the range of the theoretically H,0, for example, only a single broad peak1(350 G peak-
expected values, except for the smaller hyperfine anisotropy to-peak width of the 1st derivative) was observed at any crystal

for the Mn(lll) site. The hyperfine anisotropy of the Mn(IV)
site is significantly smaller than that of the Mn(lll) site, which
is consistent with the trend in the Mn(IV) monomeY(, <
AV, < AV)). For the Mn(lll) center, the smallest hyperfine
coupling along the-direction is consistent with the calculated
hyperfine coupling value of the Mn(Ill) monomer with thB;
ground staté® The smaller value along the-axis @A''y)
compared with that along thg-axis (A",) could be the

orientation in the X-band measurement. On the contrary, we
have observed clear hyperfine splitting and, therefore, an unique
angle dependence of hyperfine couplings from a single crystal
of the [Mny(I11,1IV)O »(phen)](PFs)s*CH3CN complex.

In the magnetically concentrated systems, the line width is
the result of (A) magnetic dipotedipole interaction and (B)
the exchange interaction between the neighboring $pinis.
The former factor causes line broadening, while the latter

consequence of the rhombic electronic environment at the narrows the line width. For the [Mill,IV)O »(phen)](PFs)s:

Mn(lll) site due to the nonequivalent electron density in xhe

CH3CN complex, we have not observed any significant differ-

andy directions, as was mentioned in the previous section. We ence of the line width at both X- and Q-band measurements, as
do not have a definitive explanation for a smaller hyperfine seen by the clear hyperfine and g anisotropy at both frequencies.
anisotropy for the Mn(lll) site compared to the calculated values. We can therefore conclude that the hyperfine interaction and
However, possible reasons are as follows; (1) In the Mn(lll)- the g anisotropy are much larger than the effect of the

Mn(IV) mixed valence system, the electron is not completely intermolecular exchange coupling in our system.

localized, and the electron density can be transferred from the The above fact implies that the significant difference of the

dz2 orbital on one center (Mn(lll)) to thele—2 orbital on the
other (Mn(IV)) in C, symmetry!*59This may modify hyperfine

(48) For the hyperfine coupling constant of the Mn(lll) site wi, ground
state, the following equations from Abragam and P#eee applicable:

A= ﬁ;y(_'("‘%"'gn_ge)
r
2pB,

A = r3y(—;<+1—14+gu—gg

wheref is the Bohr magnetonj,, the nuclear magnetory, the nuclear
gyromagnetic factor;, the effective radius of thd shell; andk, the core
polarization paramete#, is comparable td\,, while A; to A,y.

(49) Zhao, X. G.; Richardson, W. H.; Chen, J. L.; Li, J.; Noodleman, L.; Tsali,
H. L.; Hendrickson, D. Nlnorg. Chem.1997 36, 1198-1217.

(50) McGrady, J. E.; Stranger, R. Am. Chem. S0d.997, 119, 8512-8522.

line broadening among the [Mill,1V)O x(phen)](PFe)s:
CHsCN, [an(III,IV)O 2(bipy)4](CIO4)3-H20, and [MQ(|||,|V)-
O,(phen)](ClO4)3-H20 crystals can be explained mainly by the

(51) Kubo, R.; Tomita, KJ. Phys. Soc. Jpti954 9, 888-919.

(52) Van Vleck, J. HPhys. Re. 1948 74, 1168-1183.

(53) Bleaney, B.; Penrose, R. P.; Plumpton, B2foc. Royal Soc. London Ser.

A- Math. Phys. Scil1949 198 406—-428.

(54) McGregor, K. T.; Soos, Z. Gl. Chem. Phys1976 64, 2506-2517.

(55) Hennessy, M. J.; McElwee, C. D.; Richards, P.Rhys. Re. B 1973 7,
930-947.

(56) Hughes, R. C.; Morosin, B.; Richards, P. M.; Duffy, Rhys. Re. B 1975
11, 1795-1803.

(57) Velayutham, M.; Varghese, B.; Subramanian|r®rg. Chem.1998 37,
5983-5991.

(58) Gatteschi, D.; Guillou, O.; Zanchini, C.; Sessoli, R.; Kahn, O.; Verdaguer,
M.; Pei, Y. Inorg. Chem.1989 28, 287—290.
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(@) Mn{llMn(IV)Oz(phen)s(PFs)2eCHaCN (b} Mn(IMn{1V)Oz(bipy)4(ClO4)seH20 are much larger than the calculated line width for both
[Mn2(111,IV)O o(phen)](PFe)3*CHCN  and  [Mn(ll1,IV)-
Concerning the third point, the type of counterions and solvent
molecules modifies the space group and the unit cell parameters,
and therefore the molecular arrangeméff€ The counterions
and solvent molecules may also weakly coordinate with metal
ions, modifying the exchange interaction. Felthouse et al. have
discussed the effect of counterions for pQlienk(C;04)](X) 2
(counterion X as BPh PR, or ClOy).5° When the counterions
are weakly coordinated, they mediate intermolecular exchange
3 interaction between the neighboring spins, resulting in a
Figure 6. Molecular arrangement in the unit cell of the crystals of (a) Ccoalescence of the hyperfine lines into a sharp single resonance.
[Mno(111,IV)O 2(phen)](PFs)3*CH3CN22 and (b) [Mrp(lIl,IV)O 2(bpyk]- This is not applicable in our present case, because we have
(ClO4)s'H-0#2 The distances between the molecules in one unit cell and ghserved an EPR signal with a total width of 1350 G in both
M ntoma e mved andl e & atome biac, 1 C1S 878 SO TN (i1 IV)O o(bipy)e(CIOR)sH,O and [Mn(Il)V)O o(phen)]-
(PFs)3*CH3CN systems, which have very different counterions.

dipole—dipole coupling caused by the differences of (1) the As for the solven'_[ molecules, positions of gEN are not clear
neighboring spir-spin distances, (2) the angle between the static In the crystal unit cell of [Ma(lll,IV)O o(phen)](PFs)s:CHs-
magnetic field and the vector connecting the two interacting CN- Although we cannot go further into a detailed discussion
spins, and (3) the position and the kind of counterions and in the present study, the differences of the counterions and
solvent molecules. solvent molecules between [M(il,IV)O 2(bipy)a](ClO4)3:H20

As far as the center-to-center distances of molecules are@nd [Mny(lll,IV)O x(phen)](PFs)s:CHsCN may not be eliminated
Concerned, we have not observed a Significant difference @S a pOSSible reason for the Signiﬁcant differences of EPR line
between [Ma(lll,IV)O 2(phen)](PFs)s*CHsCN and  [Mn- width observed in these molecules.
(111,IV)O 2(bipy)4](ClO4)3-H20 crystals (Figure 6). The former In addition, a §mall |nhomog'ene|ty in thg crystal, sugh as a
crystal has center-to-center distances of the neighboring mol-crystal defect, might also contribute to the line broadening and
ecules between 9.9 and 18.8 A. The shortestiMm distance  the anisotropic line width, although we did not observe any
is 9.9 A. For the latter crystal, which has the space group of Significant differences in line broadening among the several
P2y/c, the center-to-center distances are between 9.8 and 14.5°Tystals of [Mn(lll,IV)O 2(phen)](PFe)s:CHsCN that we have

A. The shortest Ma-Mn distance is 9.7 &8 examined.
However, the molecular orientations are significantly different Conclusion
in- [Mny(I11,1V)O 2(phen)](PFe)s:CHCN and  [Mny(I11,1V)- The analysis of orientation-dependent EPR spectra in a single

O(bipy)4l(ClO4)3-H,O crystals. By considering the center-to- crystal of [Mny(lI1,IV)O o(phen)](PF)s-CHICN yields precise
center distances of molecules and with these orientations, Weqia on the orientation of thg tensor in the molecule and on
calculgted the line l_)roadening eff_ect in _the _foIIov_ving Manner. the anisotropy of the and hyperfine tensors. The anisotropic
The dipole interaction from a neighboring identical dipple  gpR characteristics of the Mn(lIl)Mn(IV) system obtained here
can be expressed m1—30_0§_9ij)/fu3, whered; is the angle  qd be applicable to the precise analysis of the EPR spectra
between the static magnetic field and the vector connecting the 5¢ \in OEC in PSII, in which 18-20 multiline EPR signals are
center of two interacting dipoles j) andrj is the distance  gpserved in the Sstate. It also shows the anisotropic charac-
between dipoles. The approximate line broadening effect of the aristics in membrane samplE&5L As observed in the present
dipolar-dipolar interaction can be evaluated by the second study, the mixed valence system of Mn(lll) and Mn(IV) with
moment oxo-bridged ligands has rhombic g aP@n hyperfine cou-
3 plings, and the relationship ofA» = A is not a valid
2y 2 202 _ \2r. 6 approximation. This could contribute a reason for the origin of
(AHad 4g st 1),2(1 3086, " (12) more than 16 multiline signals in the OEC S states. However,
the total width of the EPR multiline of OEC+2000 G for $

By considering the neighboring molecules closer than 15 A, and~2400 for $%) is much greater than that of the Mn(lll)-
we have obtainedHZye~ 23—28 G for [Mny(ll1,IV)O »(phen)]- Mn(IV) di-u-oxo system £1350 G). This greater line width
(PFe)3"CHICN and 25-43 G for [Mrp(111,1V)O 2(bipy)a](ClO4)s* cannot be explained by theA? = A andg and hyperfine

H,O crystals, depending on the crystal orientation. This is anisotropy. It requires other factors such as the presence of more
suggestive that the smaller dipolar-dipolar interaction in than two manganese in the OEC.
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