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We report the geometrical features and electronic structuresiebap-bridged Ma-Mn binuclear complexes

with H,O ligands [MnO,(H20)s]%* in the iso- and mixed-valence oxidation states. All of the combinations
among Mn(ll), Mn(lll), and Mn(1V) ions are considered the oxidation states of the-Mn center, and the
changes in molecular structure induced by the different electron configurations of Mn-based orbitals are
investigated in relation to the oxygen-evolving complex (OEC) of photosystem II. The stable geometries of
complexes are determined by using the hybrid-type density functional theory for both of the highest- and
lowest-spin couplings between Mn sites, and the lowest-spin-coupled states are energetically more favorable
than the highest-spin-coupled states except in the case of the complexes with the Mn(ll) ion. The coordination
positions of HO ligands at the Mn(ll) site tend to shift from the octahedral positions in contrast to those at
the Mn(lll) and Mn(1V) sites. The shape of the M, core and the distances between the Mn ions and the
H.0 ligands vary depending on the electron occupations of the octahgdnddigls on the Mn site with an
antibonding nature for the Mrligand interactions, indicating the trend as Mnti > Mn(lll) —O and Mn-

(IV)—0, O—Mn(Il) =0 > O—Mn(lll) —O > O—Mn(IV) —O among the iso-valence M@, cores, and ©Mn-
(lower)-0O < O—Mn(higher)-0O within the mixed-valence Mi®, core, and as Mn(l}rOH, and Mn(lll)—

OH, > Mn(IV) —OH; for the axial HO ligand. The optimized geometries of model complexes are compared
with the X-ray structure of the OEC, and it is suggested that the cubanelike Mn cluster of the active site may
not contain a Mn(ll) ion. The effective exchange integrals are estimated by applying the approximate spin
projection to clarify the magnetic coupling between Mn sites, and the superexchange pathways through the
di-u-oxo bridge are examined on the basis of the singly occupied magnetic orbitals derived from the singlet-
coupled natural orbitals in the broken-symmetry state. The comparisons of the calculated results between
[Mn,O,(H,0)g] 9 in this study and [MpO,(NH3)g]4" reported by McGrady et al. suggest that the symmetric
pathways are dominant to the exchange coupling constant, and the crossed pathway would be less important
for the former than it would for the latter in the Mn(IHMn(lll), Mn(1V) —Mn(1V), and Mn(ll1l)—Mn(IV)
oxidation states.

I. Introduction

e
Photosynthetic water oxidation in photosystem Il (PSII) takes hv
place at the tetranuclear Mn cluster as an active site, and the 0, So §
functional unit including the Mn cluster is referred to as the hv
oxygen-evolving complex (OEC) or water-oxidizing complex H* e
(WOC). The oxidation reaction from water to dioxygen 2H,0 oH*
molecules is catalyzed by the OEC as,@H— O, + 4e” + S, S,
4H*. Several models for the reaction mechanism of water HY
oxidation or for the molecular structure of the OEC have been

e hv™ 83

%“
related articles have been published (e.g., refdd).

A"
The reaction cycle of water oxidation by the OEC has been
known as the S-state catalytic cycle or the Kok cycle, in which
the oxidation reaction proceeds through the five-step processsteps as indicated in Figure 1, then molecular dioxygen would
from the $ state to the $Sstate. Figure 1 shows the S-state pe produced in the last step from the Sate to the Sstate.
catalytic cycle schematicallyThe tetranuclear Mn cluster of  The oxidation states of the four Mn ions at the reaction center
the active site has been considered to be oxidized stepwise within each of the S states have been suggested, for example, as

proposed by experimental and theoretical studies, and many

e
Figure 1. S-state catalytic cycle of water oxidation by the OEC.

releasing the electrons and protons through each of the oxidationmn,(Il, 111, IV, IV) in the S state— Mny(IIL1ILIV,IV) in the
" S; state — Mny(lILIV,IV,IV) in the S, state — Mny-
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extended X-ray absorption fine structure (EXAFS) and electron
spin-echo envelope modulation (ESEEM) spectroscopy have
indicated that the first-shell ligands of the Mn cluster are mostly
oxygens, one or two nitrogens, and possibly one chlorine. The
dimer complex of djz-oxo-bridged Mr-Mn binuclear centers
linked to each other by a mongo-oxo bridge has been proposed
as the working model for the tetranuclear Mn cluster in the OEC
on the basis of the available experimental restilts.

X-ray crystallographic studies of PSII have been reported in
recent yeard’~2! Although the 3D coordinates obtained by
several experiments are available from the Protein Data Bank
(PDB), the observed structures of the Mn cluster in the OEC
are different from each other. The crystal structures from
Synechococcus elongatas 3.8 A resolutiod! Thermosyn-
echococcusiulcanusat 3.7 A resolutiort® and Thermosyn-
echococcus elongatas 3.2 A resolutiof? suggest a Y-shaped
arrangement of the Mn ions, in which any Ca ions were not
detected’-18 or only four metal ions were accommodaféd.
However, the crystal structure fromhermosynechococcus
elongatusat 3.5 A resolutiot? strongly indicated the cubanelike
arrangement of Mn and Ca ions withoxo bridges, such as
MnzCaQ,, in which the details of the surrounding coordination
sphere around the Mn cluster were also assigned. Thus, theFigure 2. X-ray structure of the g:ubanelike Mn cluster in the QEC
cubanelike models for the reaction mechanism of water oxida- (PAP code: 1S5L)? The atoms without an element symbol indicate
tion by the OEC are now widely discuss&d?’” However, more carbon atoms.

recently, the X-ray structure of PSII froffhermosynechococcus NHa) were examined in ref 32, the redox-induced changes in

elongatesat 3.0 A resolution has been reporfédn which the molecular geometry and magnetic properties of U

Mn cluster was best approximated by the hook-shaped arrange- o - . ) .
ment of Mn ions resembling the Y-shaped structure. The (NHz)e]*" were investigated in ref 30, and the geometrical

o . . parameters and electronic structures of fas(NH3z)s(H20)2]9"
pors;rll?irclj c;g:kr:]eegilortlhvgal\sﬂrs}:gg;s;eig; t&i;ﬁgﬁ: ?L?ntggroeréalwere reported in refs 34 and 37. Theoretical examinations of
Py . y T . . the cubanelike model using the X-ray structure were recently
from the highest electron-density, and the Mn4 ion was linked

. i . attempted for the oxidation states in the S-state catalytic
;Obgl]ﬁ 2" ;‘3/3\'?2; I/Iiel—'\lc/lmgﬂ gndc;s't\?ggf l\sﬂr\:\ée;gsggﬁeg ;O Abe cycle?®4%and the spin structures with noncollinear spin align-
for Mnl;Mn3 and Mn3-Mn4, and it was suggested th.at the ment were pred|c_ted by applying the Hartré‘e)ck calculation
Mn—Mn pairs with shorter and longer separations are connected" > 9 general spin orbitals (GSO-HF) in ref 40.' However, the
by di-u-0x0 and Monae-oxo brid ; tivelv. althouah th geometrical structures and electron conflguratlons of the S
y di-0X0 & 10NQ¢-0X0 ges, respectively, althougn the S, states for the cubanelike Mn cluster in the OEC have not
positions ofu-0xo ions were not reported. The MiCa distances

forming the trigonal pyramid were indicated to be equidistant ye;[ b(;en clar_|f|ed frorréﬁa thgoretlc_al vuzwrlomt. ical and
for the Mn1, Mn2, and Mn3 ions at about 3.4 A. n the previous papéet, we investigated the geometrical an

) electronic structures of model complexes [Ma(H0)g]9" (g
_ Although several _experlmental structures of the Mn c_Iuster =0, 2, 4) using the hybrid-type density functional theory (DFT)
in the OEC are available as described above, the detailed 3D the first step toward a theoretical examination of the reaction
geometry has not yet been determined crystallographically mechanism for water oxidation by the OEC. The stable
because of the low resolution of the X-ray structures. Therefore, geometries of energy minima were respectively determined for
computational investigations of geometrical features and elec- agch of the highest- and lowest-spin states by applying the
tronic structures for model complexes are important to examine | gn2Dz42 effective core potential (ECP) to the Mn ions, and
water oxidation by the OEC, and we studied the basic unit of the relative stabilities, charge and spin distributions, and electron
the Mn,O, face constructing the cubanelike Mn cluster reported configurations in the Mn(I-Mn(l1), Mn(l1) —Mn(lll), and Mn-
in ref 19 in this work. Figure 2 shows the observed X-ray ()v)—Mn(IV) oxidation states were reported. However, the
structure of the cubanelike Mn cluster in the OEC (pdb code: atomic charges on the oxidized Mn ions obtained from the ECP
1S5L). Three Mn ions and one Ca ion form the cubanelike method seemed to be too small. Therefore, the model complexes
structure by trix-oxo bridges, and the outer Mn ion is linked  should be re-examined using the all-electron DFT method.
to MnsCaQ in part by a mongs-oxo bridge, in which the M In the present article, we study the geometrical characteristics
Mn distances were reported to be about 2.7 A within the of model complexes [MsOx(H20)] (q = 0—4) and their
Cubanelike Clustel’ and abOUt 33 A betWeen the Cubanelike Changes depend|ng on the ox|dat|on state Of the_Mn center
cluster and the outer ion, whereas the MPa distance was by using the all-electron hybrid-type DFT calculation. The
reported to be about 3.4 A. highest- and lowest-spin couplings between the Mn sites are
In the field of computational chemistry, quantum chemical considered in the MrMn center. The iso- and mixed-valence
calculations have been carried out for several models or syntheticcombinations among Mn(ll), Mn(lll), and Mn(IV) ions, the iso-
compounds of the Mn complex witlroxo bridges in relation valence centers of Mn(lHMn(lIl), Mn(lll) —Mn(lll), and Mn-
to the Mn cluster in the OE@38 Regarding the studies of the  (IV) —Mn(IV) and the mixed-valence centers of Mn¢HMn(lll),
di-u-oxo-bridged Mn dimer using the broken-symmetry DFT Mn(ll) —Mn(IV), and Mn(lll)—Mn(lV), and the relative stabili-
method, the magnetic interactions of [My(pic)s] (picH = ties of both spin alignments in each oxidation state are examined.
picolinic acid) and [MaOxXg]9" (X = H™, F~, CI, H,0, and The MO, geometries of the optimized complexes are com-

i
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s ; q+ These spin couplings lead to the total sBiof 1%, for 1, % for
o H0 3 OH, 1| 4, 8/, for 2 and5, 7/, for 6, and®, for 3 in the highest-spin
H,0m, | w0, | OH, configurations, whereas the total sy8iis %, for 13, /, for 4
B n‘\\\ "Mn“‘\ 2 . ~ . . .
1,07 1| 02| on, and6, and?/, f'or 5in thg lowest-spin conflgurat'lons.
10 H0 4 OH, 12 The unrestricted hybrid-type DFT method using the B3LYP
6 8 combination of exchange and correlation functionals

(UB3LYP)*344was applied to the full geometry optimization
of model complexes under no spatial symmetry constraints. The
optimized stationary points were confirmed to be or not to be
energy minimums using the vibrational frequency analysis. The
pared with the X-ray structure of the cubanelike 4@aQy Ahlrichs VDZ % Pople 6-31G(df® and Pople 6-31& sets were
cluster in the OEC. The distributions of charge and spin densitiesemployed as the basis functions of the Mn, O, and H species,
in the complexes are evaluated using the Mulliken population respectively. The lowest-spin configurations were obtained as
analysis, and the singly occupied electron configurations of the broken-symmetry solutions. The Mulliken population analysis
Mn—Mn centers are elucidated using the natural orbital analysis. was used to evaluate the distributions of charge and spin
The magnetic interactions between Mn sites are estimated indensities. All the results given in this article were calculated
terms of the effective exchange integrals and superexchangeusing the Gaussian 98 program packé&ge.

pathways mediated by th@-oxo bridge. The calculated

structures, electron populations, and magnetic properties ofy); Effective Exchange Integral and Magnetic Orbital
[MNn2O2(H20)g]" in this study are compared with those of

Figure 3. Model complex with a dit-oxo bridged Ma-Mn binuclear
center and numbering of M@, atoms and KO molecules.

[Mn2O2(NH3)g]" given in ref 30. The effective exchange integral represents the magnitude of
) magnetic interactions between spin sites, and the positive or
Il. Model Complex and Computational Method negative value respectively corresponds to the parallel (ferro-

Because the di-oxo-bridged Mn-Mn center forms the ~ Magnetic) or antiparallel (antiferromagnetic) spin coupling.
Mn,0; faces of the cubanelike Mn cluster in the OEC as shown Several approximation schemes to calculate the effective
in Figure 2 and it has been considered that only two of the four €xchange integral by employing the broken-symmetry approach
Mn sites may be sensitive to a photooxidation reaction of water have been proposéd. st

molecules in many of earlier models, we study the-Min The Heisenberg spin Hamiltonian is used for the iso-valence
binuclear complexes bridged by @ioxo ions [MnO,(H20)s] 9" binuclear complexes with localized spins,

shown in Figure 3 as a simplified model of the tetranuclear Mn o

cluster in the OEC. Eight 0 molecules are placed around H=-21S-S, Q)

Mn ions as ligands to form the six-coordinated Mn sites. We
respectively take the MaMn and G-O axes as thg andx

axes, and the axis is perpendicular to the plane formed by the
Mn,O; core facing the axial direction. Therefore, two octahedral
gy orbitals at each Mn site include they (equatorial) andz?

(axial) components of the 3d orbital, respectively. In this article,
we apply the following numbering of atoms and molecules to

wherelJ is the effective exchange integral (exchange coupling
constant) between trath andbth metal sites with spin vectors
S and$S,. Three-types of approximation are applicable to obtain
the J value/8-50

the model complexes: the M@ atoms, axial HO molecules, I = PE-"E 2)
and equatorial bD molecules are respectively numbered from Smx2
1to 4, from 5 to 8, and from 9 to 12 as indicated in Figure 3.
It is noted that the Mn1 and Mn2 ions, respectively, correspond 3@ = LSE — "5 3)
to the Mn ions in lower and higher oxidation states of a mixed- SralSnaxt 1)
valence Mr-Mn pair in the case of mixed-valence complexes.

In the S-state catalytic cycle, the iso- and mixed-valence states 18— LSg — HSg 4)
of Mn—Mn pairs are generated through the oxidation steps. We HS&2 1 LS[&20)

consider the possible iso- and mixed-valence combinations of
Mn(ll), Mn(lll), and Mn(lV) ions as the Ma-Mn center of
complexes as follows: Mn(IyMn(Il) (1), Mn(l11) =Mn(lll) ( 2),

and Mn(IV)—Mn(1V) (3) for the iso-valence complexes; Mn-

(1 —Mn(ll1) (4), Mn(I) =Mn(1V) (5), and Mn(lll—Mn(1V) (6) _ S :
for the mixed-valence complexes. The formal charges of the A more general spin Hamiltonian |ncIL_1d|ng the resonance
Mn and u-oxo ions are respectively taken as- Zor Mn(ll), delocallzgtlon (double exchange) effects is used for the mixed-
3+ for Mn(lll), and 4+ for Mn(IV) and as 2- for u-oxo, by valence binuclear complexes,

which the total chargg of each complex is given as O far 1

for 4, 2 fqr 2 and'5, 3 for 6, and 4 for3. The hig.hes.t- and A= _ZJ_S'a._s'bi B(S+ 1) (5)
lowest-spin couplings between locally parallel-spin alignments 2

at each of the two Mn ions are applied to specify the electronic

states of the complexes. The formal 3d electron occupations ofwhereB is the resonance delocalization parametdieJ value

Mn ions are thus open shell with the parallel spins asf8d is approximated by two schemes using the average energy of
Mn(ll), 3d* for Mn(lll), and 3cP for Mn(1V), and the locally two delocalized high-spin states denoted as g and u, in which
parallel spins on the Mn(ll), Mn(lll), and Mn(IV) centers are an extra electron is placed in the delocalized orbitals with the
coupled with the same and opposite directions between two Mnin-phase and out-of-phase combinations of specific (unpaired)
sites, respectively, in the highest- and lowest-spin configurations. metal 3d orbitals, respectivef§;>!

whereSE and™SE represent the total energies of the low- and
high-spin states, respectively, with the expectation values of total
spin angular momenturyP[$Oand HS[EL]
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HSg _ HSp TABLE 1: Total and Relative Energies of Iso- and
S p— 9 (6) Mixed-Valence Complexes [MBO,(H,0)g]4*
2Spax T 1 total energy relative energy
LS _ Hsg complex S B0 (au) (kcal/mol)
J9 = = @) 1 10/2 3000 —3063.71090 0.16
(Sm n 1)(3“ _ 1) 02 499 —3063.71117 0.00
ax = p)\"max 2 8/2 2009 —3063.23663 7.06
s he 0/2 401 —3063.24788 0.00
5 E-"E, 3 6/2 12.19 —3061.99682 2.78
I = e s (8) 02 302 —3062.00126 0.00
¥, — S0 4a 92 2480 —3063.54666 0.63
1/2 477 —3063.54765 0.00
hs HSEg + HSEu 4h 9/2 2480 —3063.54624 0.89
E=— 5 9) 12 478  —3063.54719 0.29
2 5 8/2 2005 —3063.21126 0.09
HS - HS-A 212 499 —3063.21140 0.00
HS 42 — By + "% 10 6 7/2 15.88 —3062.72489 5.65
=5 (10) 12 376 —3062.73390 0.00

It is noted that egs 4 and 8 are derived from the approximate function to Pix or the weight of therth basis function for
spin projection method developed by Yamaguchi et®z! electron distribution in thé&h molecular orbital. In this article,
Because we have confirmed that egs42or eqs 7 and 8 give  we use theéP; values (multiplied by 100) as the composition of
similar J values for [MnO2(H,0)g]9" in this study (theJ| values the molecular orbitals.
obtained from eq 3 are somewhat smaller than those obtained
from eq 2 or eq 4), only the calculatedvalues of [MRO,- IV. Relative Stability of Model Complex
(H20)g]%" using eq 4 or eq 8 are reported in this article.

The natural orbitals and their electron occupation numbers
are obtained by diagonalizing the first-order reduced density
matrix as the eigenvectors and eigenvalues, respectively,

We found several energy minima of model complexes with
similar or different locations of pD ligands in different
orientations except il. The energy intervals from the most
stable structure were obtained as follows for the lowest-spin

N 0 configurations: 0.1 and 0.7 kcal/mol f@rand3; 0.3, 4.0, 6.6,
plr )= Znid)‘(r) ¢ () (11) 7.7, and 10.3 kcal/mol fo4: 0.9, 2.5, and 5.5 kcal/mol fds;
1.9 kcal/mol foré. The relative stabilities among energy minima
The pair of natural orbitalgy, (bonding) andp, (antibonding) of iso-valence complexe® and 3 with similar H,O positions
forming a singlet biradical in the broken-symmetry state can are aimost equivalent (within 1 kcal/mol), whereas some of the
be specified by their electron occupation numbers, which give €nergy minima for mixed-valence complexes6 with different
2.0 as the sum ofi, and n, The natural orbitals delocalized H20 positons indicate a relatively large instability (more than

over two spin sites are related to the magnetic orbitals localized > kcal/mol). Hereafter in this article, we focus our attention on
around one of the spin sites as follows, the most-stable energy minima of compleges, and complex

4 has two most-stable energy minima with different coordination

. Ny n, patterns of HO ligand.
Y= qub + qua (12) It is noted that the structures of the ECP energy minima for
2 that were reported in the previous stétigecame the third-
By using eq 12, it is possible to transform the symmetry- order saddle poi_nts with three imaginary frequencies by the all-
adapted natural orbitals of a singlet biradical pair into the €lectron calculations as follows: 142.302.1, and 84.6cm™*
broken-symmetry magnetic orbitals after applying the plus and (highest-spin configuration); 152,6110.6, and 94.6 cm™*
minus mixing with their electron occupation numbers as the (Iowest-spin configuration). The all-electron method predicted
weighting factors. In this article, the superexchange pathways three energy minima with geometries that differ from the ECP
between Mn sites through the dioxo bridge in [MnO»- geometries. However, energy minima with similar structures
(H,0)g]¢* are examined on the basis of the magnetic orbitals. Were obtained by the ECP and all-electron methodslfand
The electron population on atom X is given as follows under 3

the Mulliken partitioning, We summarize the total and relative energies of iso- and
mixed-valence complexes in Table 1 together with the expecta-
onX all on X tion values of total spin angular momentum. The different energy

PX = S5 (G CCSI=nD Pi= ZP? (13) minima of4 with near energies are distinguished by alphabetical
[ TS T T T symbols agta and4b.

all all all The expectation values of total spin angular momenf#t
p = C.C.S.= W |p=1 (14) are obtained as 30.00 farwith S= 19%,, 20.09 for2 with S=
Z ! ZZ iCots = WY, 8l,, 12.19 for3 with S= /,, 24.80 for4a and4b with S= 9,

20.05 for5 with S= 8/,, and 15.88 fo with S= 7/, (highest-
whereC,; andCs; denote the expansion coefficients for ttie spin configurations) and as 4.99 fbwith S= %, 4.01 for2
and sth basis functions in théth molecular orbital andSs with S= 9/,, 3.02 for3 with S= 9,, 4.77 and 4.78 foda and
indicates the overlap integral between thh and sth basis 4b with S= 1/,, 4.99 for5 with S= 2/,, and 3.76 fo6 with S
functions. The atomic populatid® is obtained as the sum of =1/, (lowest-spin configurations). It is suggested from these
contributions from each molecular orbitﬁf(, and P, is the results of (R~ S+ 1) for the highest-spin configurations
gross orbital population of theth basis function in thath and[¥~ S+ 1)+ 5 (1), 4 (2, 43, and4b), and 3 B, 5, and
molecular orbital, representing the contribution of thiebasis 6) for the lowest-spin configurations that the highest-spin
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Figure 4. Optimized structures of iso-valence complexes in the lowest-spin configuration: ¢&,#h0)s (1), (b) [MNn,O,(H20)]?" (2), and (c)
['\/ll’lz()z(Hzo)g]AJr (3)
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Figure 5. Optimized structures of mixed-valence complexes in the lowest-spin configuration: (apf#ha0)s]* (44), (b) [Mn0x(H20)s]* (4b),
(c) [Mn20O(H20)e]?" (5), and (d) [MRO,(H20)s]®" (6).

configurations are nearly pure spin states and the lowest-spinV. Stable Geometry of Model Complex

configurations are the broken-symmetry states, which respec- ) o

tively include the five (), four (2, 4a, and4b), and threeg, 5, Figures 4 and 5, respectively, show the optimized structures

and6) pairs of singlet-coupled biradical electrons. of iso- and mixed-valence complexes in the lowest-spin
The relative energies indicate that the lowest-spin couplings configurations as Figures 4a fioy 4b for2, and 4c for3 and as

are energetically more stable than the highest-spin couplings.Figures 5a forda, 5b for 4b, 5¢ for 5, and 5d for6. We note

The energy differences between both spin configurations for that the optimized structures of complexes in the highest-spin

the complexes with the Mn(ll) oxidation state are remarkably configurations are not given in these figures because they have

smaller than those for the complexes without the Mn(ll) locations and orientations similar to those giHmolecules at

oxidation state: 0.2 kcal/mol fot with Mn(ll)—Mn(ll), 0.6 the lowest-spin configurations. The coordinategOHigands
kcal/mol for4aand4b with Mn(ll) —Mn(l11), and 0.1 kcal/mol occupy the different positions i, 4, and the others, respec-
for 5 with Mn(Il) =Mn(1V) < 7.1 kcal/mol for2 with Mn(lIl) — tively, and the hydrogen bonds are found in the optimized

Mn(ll1), 2.8 kcal/mol for3 with Mn(1V) —Mn(1V), and 5.7 kcal/ geometries except i8. In this section, the numbering of the H
mol for 6 with Mn(lll) —Mn(1V), suggesting that the magnetic and O atoms from 512 corresponds to the numbering of the
interactions are weak in the Mn(ll)-contained complexes. H>O molecules indicated in Figure 3.
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The HO ligands ofl move from the octahedral positions by
rotating around the MaMn axis, and one of the H atoms in
each of the HO molecules faces th@-oxo ions to form
hydrogen bonds with the ©H distances oR(O3—H5), R(O4—
H6), R(O4—H7), andR(O3—H8) = 1.694-1.697 A andR(O3—
H9), R(04—H10), R(03—H11), andR(O4—H12) = 1.665-
1.668 A (lowest-spin configuration). Although the®lligands
of 2 and 3 occupy the octahedral positions, their orientations
differ from each other. The axial # ligands of2 make the
hydrogen bondings above and below the;Mncore with O-H
distances oR(O5—H7) = R(O8—H6) = 1.982 A (lowest-spin
configuration), whereas the,B ligands of3 seem to have no
hydrogen bondings betwegroxo ions and HO molecules or
between HO molecules.

It is characteristic foda and4b that two types of hydrogen

Mitani et al.

and4b have lower energies than the other energy minimé of
The hydrogen bonds between® molecules are shorter #a
(~1.73 and 1.76 A) than they are h(~1.98 A), 4b (~1.97
A), 5 (~1.92 A), and6 (~1.86 A).

With the exception of the complex including the MnH)
Mn(IV) core (5), the most-stable coordination positions of the
H,O molecules are different between the complexes. The Mn-
(I ion (1 and 4) has some shifted # ligands, and the
complexes without the Mn(ll) ion2 3, and 6) have eight
octahedral HO ligands. Because all of the octahedigb#bitals,
which indicate the antibonding nature between Mn ions and
both HO ligands in the axial and equatorial directions, are singly
occupied in the Mn(lIl) oxidation state, it is expected that the
Mn(Il) —OH, bindings become loose. It is thus likely that the
H>0 ligands coordinated to the Mn(ll) ion would move from

bonds are observed although they have different positions ofthe octahedral positions to the more stable positions, which

H.,O ligands. Two axial KO molecules are located at the
octahedral positions of Mn14€) or Mn2 (4b) corresponding
to Mn(ll) or Mn(lll), whereas the other axial # molecules
seem to coordinate te-oxo ions rather than to Mn ions. The
hydrogen bonds are formed between axiagDHigands above
and below the MpO-, core, and the axial ¥D ligands shifted

enable them to make hydrogen bonds witloxo ions.

Figure 6 shows the optimized interatomic distances and angles
of iso- and mixed-valence complexes in the lowest-spin con-
figuration as Figures 6a for MaMn, 6b for O-0O, 6¢ for Mn—

O, 6d for Mn—OH, (axial), 6e for Mr—OH, (equatorial), 6f
for MN—O—Mn, and 6g for G-Mn—0O. The optimized values

from the octahedral positions also make hydrogen bonds with of these parameters for the complexes in both of the highest-

u-0xo ions. The hydrogen bond-€H distances are obtained
as follows: R(O3—H7) = 1.709 A andR(04—H8) = 1.700 A
between the:-oxo ion and the KO molecule andr(O7—H5)
= 1.763 A andR(08—H6) = 1.731 A between kD molecules
(lowest-spin configuration ofa); R(O3—H5) = 1.643 A and
R(O4—H6) = 1.642 A between theg-oxo ion and HO molecule
andR(O5—-H7) = 1.972 A andR(06—H8) = 1.971 A between
H,O molecules (lowest-spin configuration 4ih). We note that
although several energy minima4fin which the HO ligands

and lowest-spin configurations are given in Appendix A. In
Figures 6a-6g, the oxidation states of the MaMn2 center

in the mixed-valence complexes correspond to Ma{Mn(l11)

for 4aand4b, Mn(Il) —Mn(IV) for 5, and Mn(l11)—-Mn(1V) for

6, respectively.

Itis found from Figure 6a that the MAMn separations seem
to have no relation to the formal oxidation states of Mn ions as
Mn(Il) =Mn(Il) in 1 > Mn(ll) =Mn(lll) in 4aand4b > Mn-
(IV)=Mn(IV) in 3 and Mn(I)=-Mn(IV) in 5 > Mn(lll) —Mn-

are fully placed at the octahedral positions and the hydrogen (1) ijn 6 > Mn(lll) =Mn(lll) in 2, although the order of the

bonds are formed between axiap® molecules similar t&,
were found, their structures were higher in energy thaand
4b by more than~7 kcal/mol as described in section IV. The
octahedral geometries of,8 ligands are favorable t®and6,
and hydrogen bonds are found between axigD Hnolecules
as seen ir2. The hydrogen bond ©H distances are obtained
as follows: R(O5—H7) = R(06—H8) = 1.924 A (lowest-spin
configuration of5); R(O5—H7) = 1.857 A andR(O6—H8) =
1.855 A (lowest-spin configuration ).

Although the axial HO ligands of2 and4—6 form hydrogen

Mn—Mn lengths may be expected simply from the electrostatic
repulsion between the formal charges on Mn ions as Mna(ll)
Mn(ll) in 1 < Mn(Il) =Mn(lll) in 4a and4b < Mn(ll) —Mn-

(IV) in 5 < Mn(lll) =Mn(Ill) in 2 < Mn(lll) =Mn(IV) in 6 <
Mn(IV) —=Mn(IV) in 3. The O-0 and Mn-0 distances shown

in Figures 6b and 6c¢ also vary depending on the oxidation states
of complexes as ©0 for the Mn(I1)O; core in1 > O—0O for

the Mn(Il)Mn(lIl)O> core in4a and4b > O—O0O for the Mn-
(INMN(IV)O , core in5 > O—0O for the Mn(111);0, core in2 >

O—0 for the Mn(ll)Mn(1V)O; core in6 > O—O0 for the Mn-

bonds with each other as mentioned above, the roles are differen{IV) ,0, core in3 and as Mn(I1>-0 in 1, 4a, 4b, and5 > Mn-

between2 and4—6 in the most stable coordinations. Two of
the axial HO molecules coordinated to the same Mn ion play

(I =0'in 2, 4a, 4b, and6 and Mn(IV)—-0 in 3, 5, and6. The
Mn(ll) centers have the MRO lengths near 2.1 A, whereas

different and the same roles as the hydrogen donor or hydrogenthe Mn(lll) and Mn(IV) centers have the MrO lengths around

acceptor in2 and4—6, respectively. The axial #0 ligands of
2, 5, and6 at the octahedral positions have shorter-MdH,

1.7-1.8 A, suggesting that more repulsive interactions would
act between Mn(ll) angi-oxo ions than they would between

distances for the hydrogen donor than they do for the hydrogen Mn(lll) or Mn(IV) and u-oxo ions. The coordination distances

accepter as MROH, (donor)~ 2.25 A < Mn—OH, (acceptor)

~ 2.41 A for 2, Mn—OH; (donor) ~ 2.01 A < Mn—0OH;
(acceptory 2.33 A for5, and Mn—OH; (donor)~ 1.97 A <
Mn—OH, (acceptor) 2.36 A for6 (lowest-spin configuration),
where the HO molecules of the hydrogen donor (acceptor) are
coordinated to the higher (lower) oxidation site of thevin
center in the mixed-valence complexXgand6.

We compared the hydrogen bonds foundljr2, and4—6.
The hydrogen bond lengths between thexo ion and the KO
molecule are about 1.70 and 1.67 Alpabout 1.70 A inda,
and about 1.64 A idb, which are shorter, with the exception
of 4a, than the hydrogen-bond lengths between thgOH
molecules ranging from about 1.86.98 Ain2, 4b, 5, andsé.
These additional hydrogen bonds would be the reason4shy

of the octahedral kD ligands to the Mn ions given in Figures
6d and 6e indicate the features that MnlQH, in 4a and5

and Mn(Ill)=OH, in 2, 4b, and6 > Mn(lV) —OH, in 3, 5, and

6 for the axial positions (Figure 6d) and MnHOH; in 4a,

4b, and5 > Mn(lll) —OH; in 2, 43, 4b, and6 and Mn(IV)—

OH, in 3, 5, and 6 for the equatorial positions (Figure 6e),
although the differences are smaller for the equatorial ligands,
especially indb and5, than they are for the axial ligands.

Figure 6f indicates that the higher the Mn ions are oxidized,
the larger the MR-O—Mn angles become for the iso-valence
complexes, and the MnO—Mn angles for the mixed-valence
complexes lie between the values in the corresponding iso-
valence states, which include one of the component Mn ions in
the mixed-valence states as follows: Mn{ip—Mn(ll) in 1
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Figure 6. Optimized interatomic distances and angles of iso- and mixed-valence complex&3:(MuD)s] 4" in the lowest-spin configuration: (a)
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TABLE 2: Experimental and Theoretical Structures of the Mn,0O, Core in Iso-Valence Mn,O, Complexes

[C]

oxidation state Mpa-Mn2 o-0? Mn—02 O—Mn—0P ref
experiment
Mn(l11) =Mn(lll) 2.674—2.686 1.836-1.842 86.1-86.7 30
2.674-2.699 2.500-2.526 1.836-1.848 34
Mn(1V) —Mn(1V) 2.672-2.748 1.7741.811 78.5-85.0 30
2.568-2.780 2.246-2.538 1.7741.834 34
calculation
Mn(11) =Mn(11) 2.890 2.978 2.0732.076 91.7 this work
Mn(lIl) =Mn(llT) 2.651 2.397 1.784, 1.790 84.2 this work
2.716 1.840 84.8 30
2.791 2.433 1.852 34
2.690 2.465 1.797,1.851 37
Mn(1V) —Mn(1V) 2.762 2.249 1.781 78.3 this work
2.866 1.842 77.9 30
2.902 2.283 1.846 34
2.834 2.272 1.789, 1.842 37

2 Interatomic distances are given in angste® Interatomic angles are given in degrees.

< Mn(ll) =O—Mn(lll) in 4a and4b and Mn(ll)-O—Mn(IV)
in 5 < Mn(lll) =O—Mn(lll) in 2 < Mn(lll) =O—Mn(lV) in 6
< Mn(IV) —O—Mn(lV) in 3. It is found from Figure 6g that
the O-Mn—0 angle has the tendency to become more acute . . .
for the higher-oxidized Mn ion compared among the iso-valence >°Me of the geometrical parameters ofuelbxo-bridged
complexes and has the tendency to become more obtuse fofMN202 complexes with various ligands (mainly N-donor)
the higher-oxidized Mn ion compared within the mixed-valence Observed by experiments and those of Jas(NHz)g]"" and
complex as follows: @Mn(l)—0in1 > O—Mn(lll)—0O in 2 [MNn202(NH3)s(H20)]9" calculated by the broken-symmetry
> O—Mn(IV) —0 in 3 (iso-valence complexes);-eMn(Il) —O DFT method within the spatial symmetry framework have been
< O—Mn(lll) =0 in 4a and 4b, O—Mn(ll)—O < O—Mn- summarized in refs 30, 34, and 37, and the available data for
(IV)—0in5, and G-Mn(lll) —O < O—Mn(1V) —O in 6 (mixed- the MO, core in the iso- and mixed-valence oxidation states
valence complexes). are listed in Tables 2 and 3, respectively, together with the
These changes in molecular geometry, depending on theresults of [MrO2(H;0)s]%" determined in this work. In these
oxidation state of complexes described above, would be causedTables, the ranges of the experimental values and the theoretical

by the changes in electron occupation of the-M»hand Mn-
OH, antibonding orbitals with the oxidation of the Min
center.



13902 J. Phys. Chem. A, Vol. 110, No. 51, 2006 Mitani et al.

TABLE 3: Experimental and Theoretical Structures of the Mn,O, Core in Mixed-Valence Mn,O, Complexes

oxidation state MpA-Mna o000 Mn—Q#a¢ Mn—03d O—Mn—0QPe O—Mn—0Pd ref
experiment
Mn(lll) —Mn(1V) 2.643-2.741 1.833-1.862 1.7741.793 80.6-82.5 84.6-86.8 30
2.553-2.741 2.373-2.525 1.8%+1.89 177181 34
calculation
Mn(11) =Mn(l11) 2.828 2.606 2.103, 2.106 1.754,1.755 76.5 95.9 this work
2.814 2.628 2.063, 2.065 1.795 79.0 94.0 this work
2.833 2.635 2.063 1.813 34
Mn(Il) =Mn(1V) 2.749 2.517 2.048 1.694 75.8 96.0 this work
Mn(lIT) —=Mn(1V) 2.703 2.318 1.822,1.827 1.733,1.740 78.9 83.7 this work
2.783 1.873 1.800 79.5 85.2 30
2.845 2.358 1.921 1.777 34
2.761 2.353 1.7731.864 37

2 Interatomic distances are given in angste® Interatomic angles are given in degree&eometrical parameters for the lower oxidation state
of Mn ion are shown? Geometrical parameters for the higher oxidation state of Mn ion are shown.

values optimized for the most-stable broken-symmetry states
are given concerning the MrMn, O—0O, Mn—0, and G-Mn—0
parameters.

Our results are comparable with the reported experimental
and theoretical results, and the changes in theQdstructure
as Mn(IlH—Mn(ll)) < Mn(Ill) =Mn(IV) < Mn(IV) —Mn(IV),
O—0 for the Mn(lll);O, core> O—0 for the Mn(lll)Mn(IV)-
O, core > O—0 for the Mn(IV)0, core, Mn(ll1)-O ~ Mn-
(IV)—0O and O-Mn(lll) =0 > O—Mn(IV)—0O for the Mn-
(111 20, and Mn(IV),0, cores, and Mn(llI)-O > Mn(IV)—O
and O-Mn(lll) =O < O—Mn(IV) —0 for the Mn(lIl)Mn(IV)-
O, core are consistent among the calculations in this work and
in the other work. Although the experimental data are lacking
for the complexes containing Mn(HMn(11), Mn(Il) —=Mn(ll1),
and Mn(I)—-Mn(1V) centers, the theoretical geometries of Mn-
(I —Mn(ll) complex in the present study correspond to those Figure 7. X-ray structure of the cubanelike M@aQ,—Mn cluster in

in the early study. the OEC (pdb code: 1S5t9and numbering of atoms.
From comparison of the optimized geometries in the Mn- . .
. TABLE 4: X-ray Interatomic Distances for Mn —Mn, O—0O,
(1) =Mn(lit), Mn(IV) —Mn(IV), and Mn(lll)—Mn(IV) oxida- and Mn—O Pairs of the Cubanelike Mn,CaO,—Mn Cluster
tion states between [M@x(H,0)g]%" in this work and [MRO,- in the OEC (pdb code: 1S5L})°

(NH3)g]a" shown in ref 30, it is found that the MrO distances

in the Mn,O, core become shorter in complexes with(H
Mn(1)-Mn(2) 2.648 O(1}0O(2) 2.500 Mn(1}O(1) 1.872

ligands than in complexes with NHigands by about 0.05 B
0.07 A, whereas the ©Mn—0 angles are almost the same in mg;_m% g:ig? 88;_88; 2;22‘1‘ mg;gg; 1:32‘3‘

Mn—Mn (angstimns)  O-0O (angstfimns)  Mn—0O (angstios)

both types of complex, and in consequence the—Wim Mn(2)—Mn(3) 2.718 O(2Y0(3) 2.487 Mn(2}-0O(1) 1.770
separations are shorter in the former than they are in the latter. Mn(2)—Mn(4) 3.249 O(2>0(4) 2.563 Mn(2>0(2) 1.821
The distances between Mn ions and Nigands in [MrnO,- Mn(3)-Mn(4) 3.255 O(3)0(4) 2.696 Mn(2)-O(4) 1.938
(NH3)g]a* were reported in ref 30 as follows for the axial and mn(?Ig(? i'ggs
equatorial positions: 2.504 and 2.231 A in the Mn@Nin- MEES%—O&; 1912

() complex, 2.137 and 2.215 A in the Mn(IMMMn(IV) Mn(4)-O(4) 1.866
complex, 2.459 and 2.210 A for Mn(lll); and 2.117 and 2.227

A for Mn(1V) in the Mn(lll) —Mn(IV) complex. It was also A (axial hydrogen acceptor) and 2.051 and 2.058 A (equatorial)
pointed out in ref 30 that the axial MiNH3 length at the Mn- for Mn(lll) and 1.969 (axial hydrogen donor) and 2.066 and
(1) site in the mixed-valence system (2.459 A) is significantly 2.072 A (equatorial) for Mn(IV) in the Mn(lIF-Mn(IV)
shorter than that in the iso-valence system (2.504 A), whereascomplex, as shown in Appendix A (Table A3). Although the
the structural characteristics of the Mn(IV) site in the mixed- distances between Mn ions and axial or equatori Hgands
valence system are almost identical to those in the iso-valencein these oxidation states also become shorter in o[Din
system, suggesting that an extra electron in the mixed-valence(H20)g]%" than in [MnO2(NHz)g]4* by about 0.4-0.15 A, they
complex is not completely localized in thez arbital on the indicate similar geometrical characteristics to those of {OA
Mn(lll) center and, however, its electron density is not (NHs3)g]9" described above for the axial,@ ligands of the
transferred into the dorbital on the Mn(lV) center (Th&,, hydrogen acceptor at the Mn(lll) site and theCHligands at
restriction was applied to the spatial symmetry of model the Mn(lV) site.

complexes in ref 30). In the case of [MDy(H,0)g]9™, the HO Here, we compare the theoretical and experimentat-Mn,
ligands have the following distances from Mn ions: 2.250 and O—0O, and Mn-0O distances among our model complexes and
2.251 A (axial hydrogen donor), 2.405 and 2.406 A (axial the cubanelike cluster in the OEC. The X-ray structiend
hydrogen acceptor), and 2.098 and 2.100 A (equatorial) in the X-ray distances are shown in Figure 7 and in Table 4,
Mn(lll) —Mn(lll) complex; 1.968 A (axial) and 2.049 A  respectively. Itis noted that because the resolution of the X-ray
(equatorial) in the Mn(IV}-Mn(IV) complex; 2.356 and 2.357  crystal structure is 3.5 A and the model complexes are-Mn
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TABLE 5: Mulliken Charge and Spin Densities on Atoms in the Mn,O, Core of Iso- and Mixed-Valence Complexes
[Mn 202(H 20)8]q+

charge density spin density
complex S Mn1 Mn2 03 04 Mn1l Mn2 03 04

1 10/2 1.297 1.297 —1.109 —1.108 4.756 4.756 0.138 0.137
0/2 1.294 1.294 -1.111 —-1.112 4.754 —4.754 —0.000 0.001

2 8/2 1.537 1.536 —0.908 —0.908 3.866 3.865 0.070 0.070
0/2 1.521 1521 —0.889 —0.889 3.814 —3.814 0.003 —0.003

3 6/2 1.725 1.725 —0.665 —0.665 3.024 3.024 —0.046 —0.046
0/2 1.718 1.718 —0.660 —0.660 2.871 —2.871 —0.000 0.000

4a 9/2 1.372 1.410 —1.008 —1.009 4.791 3.785 0.147 0.147
1/2 1.375 1.408 —1.010 —-1.011 4.762 —3.800 —-0.018 —0.018

4b 9/2 1.366 1.480 —1.043 —1.043 4.773 3.822 0.117 0.118
1/2 1.364 1.478 —1.044 —1.043 4.746 —3.849 0.044 0.044

5 8/2 1.408 1.566 —0.891 —0.891 4.772 2.662 0.250 0.250
2/2 1.414 1.565 —0.895 —0.895 4.740 —2.615 -0.114 —-0.114

6 712 1.604 1.683 —0.759 —0.789 3.906 2.938 0.050 0.044
1/2 1.599 1.664 —0.742 -0.772 3.939 —2.676 —0.201 -0.171

Mn binuclear complexes the comparisons of theoretical and A for 3, and 2.073-2.076 A for 1, indicating that the results

experimental results are therefore qualitative. for Mn(l1l) =Mn(lll) and Mn(IV)—Mn(IV) complexes show
The cubanelike faces of the Mn cluster in the OEC are Similarity to the shorter experimental values. The optimized
composed of MaRMn pairs of Mn(1)-Mn(2), Mn(1)—Mn(3), Mn—O distances of 2.0632.106 A for Mn(l1)-O and 1.754

and Mn(2-Mn(3) as seen in Figure 7, and these pairs have 1.795 A for Mn(Il))-O in 4a and4b, 2.048 A for Mn(ll)-O
distances of 2.648, 2.669, and 2.718 A for the -Muin and 1.694 A for Mn(IV)-0 in 5, and 1.822 and 1.827 A for
separation, respectively. The optimized separations for Ma(lll)  Mn(lll) —O and 1.733 and 1.740 A for Mn(I\)O in 6 suggest
Mn(l11), Mn(1V) —=Mn(1V), Mn(Il) —=Mn(1V), and Mn(lll)—Mn- that the Mn(ll-O in 4a, 4b, and5 and the Mn(IV)}-O in 5

(IV) in 2, 3, 5, and 6 are respectively comparable with the would be too long and too short in comparison with the
experimental values as 2.651, 2.762, 2.749, and 2.703 A, experimental distances, respectively, whereas the calculated Mn-

whereas the theoretical Mn(#Mn(ll) and Mn(11)—Mn(lll) (I —O and Mn(IV)}-0O separations ifs may be comparable

distances of 2.890, 2.828, and 2.814 Alin4a, and4b are to the experimental values of the MnAQ(1)—Mn(2)—0(2)

much longer than the experimental distances. or the Mn(1)-0O(2)—Mn(3)—0(3) cubanelike faces.
Concerning the G0 distances of dit-oxo bridges within Judging from the comparison of interatomic distances in the

cubanelike faces, the experimental values were reported asexperiments and calculations described above, it may be possible
O(1)-0(2)=2.500 A, O(2)-O(3)=2.487 A, and O(2YO(4) to suggest that the cubanelike pMaQ; cluster in the OEC
= 2.563 A. However, the O(1), O(3), and O(4) ions bond with contains the low-spin-coupled Mn(IBMn(I11), Mn(1V) —Mn-
the Ca ion, and the O(4) ion bonds with the outer Mn(4) ion. It (IV), or Mn(lll) —Mn(1V) pairs, and the Mn(ll) oxidation state
is thus considered that the experimentat-@ lengths are is not included.
strongly affected by these ions. Although the theoretical values
for iso-valence complexe and 3 are shorter than the  v|. Mulliken Population Analysis of Model Complex
experimental values like ©0 in 2 with the Mn(IIl)=Mn(llI)
center= 2.397 A and G-O in 3 with the Mn(IV)—Mn(IV) We summarize the charge and spin densities on atoms in the
center= 2.249 A, among interatomic separations, the tendency Mn,O; core of the iso- and mixed-valence complexes in Table
for the Mn—Mn bond to be longer than the-@D bond is 5. Tables 6 and 7 also show the gross orbital populations in the
consistent between the experiments and calculations. TheMn 3d orbitals of the iso- and mixed-valence complexes in the
optimized value for iso-valence compléxwith the Mn(Il)— lowest-spin configuration, respectively. As described in the next
Mn(ll) center indicates that the theoreticat-Q length of 2.978 section, the octahedraj erbitals of the Mir-Mn center in the
A is much longer than the experimental lengths and is also axial direction are assigned for each complex to pefor 1,
longer than the theoretical Mn(HiMn(ll) length. The theoretical dy—2 for 2, dz for 3, d—2 on Mn(ll) and d2—2 on Mn(lll) for
values of G-O separations are 2.606, 2.628, 2.517, and 2.318 4, d2z on Mn(ll) and Mn(IV) for 5, and gz-2 on Mn(lll) and
A, respectively, for mixed-valence complexés; 4b, 5, ands. d2 on Mn(1V) for 6.
The distance fob in the Mn(Il)—Mn(IV) oxidation state shows The charge densities on the Mn am@xo ions in the lowest-
similarity to the experimental values, and the distanceglfor  spin configuration are respectively obtained as follows: 1.29
and4b in the Mn(Il)—Mn(lll) oxidation state and fo6 in the for Mn(Il) and —1.11 for O in1; 1.52 for Mn(lll) and—0.89
Mn(lIl) —Mn(IV) oxidation state seem to be longer and shorter for O in 2; 1.72 for Mn(IV) and—0.66 for O in3; 1.38 for
than the experimental values, respectively. Mn(ll), 1.41 for Mn(lll), and—1.01 for O in4a; 1.36 for Mn-

The experimental MO lengths range from 1.770 to 1.938  (lI), 1.48 for Mn(lll), and —1.04 for O in4b; 1.41 for Mn(ll),
A. The Mn(2)-0(4) and Mn(3}-0(4) give longer separations  1.57 for Mn(IV), and—0.90 for O in5; 1.60 for Mn(lll), 1.66
of 1.938 and 1.912 A, respectively, in which the O(4) ion for Mn(lV), and —0.74 and—0.78 for O in6, which are much
interacts with the Mn(4) and Ca ions. The Mn{l)(1) and smaller than the formal charges of 23+, 4+, and 2- for the
Mn(1)—0O(3) also give longer separations of 1.872 and 1.863 Mn(ll), Mn(lll), Mn(lV), and u-oxo ions, respectively, indicating
A, respectively, in which the O(1) and O(3) ions interact with that the significant charge delocalization (electron transfer)
the Ca ion. The Mn(1)0O(2), Mn(2)-0(1), Mn(2)-0(2), Mn- occurs mainly from djt-oxo ions to Mn ions. The differences
(3)—0(2), and Mn(3)-O(3) give shorter separations of 1.824, in atomic charge at the Mn(ll), Mn(lll), Mn(IV), ang-oxo
1.770, 1.821, 1.802, and 1.809 A, respectively. The theoretical sites are not as remarkable as expected from their formal
Mn—O distances obtained are 1.784 and 1.790 A2ot.781 charges, and it may be suggested that the influences of the
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TABLE 6: Mulliken Gross Orbital Populations in Mn 3d Orbitals of Iso-Valence Complexes [MnO,(H,0)g]9" in the

Lowest-Spin Configuration

Mnl Mn2

complex 3d orbital total alpha beta spin 3d orbital total alpha beta spin
1 Oy 1.064 1.003 0.061 0.942 A 1.064 0.061 1.003 —0.943
dy, 1.033 1.001 0.032 0.968 v 1.033 0.032 1.001 —0.968

de 1.029 0.987 0.042 0.945 d 1.030 0.042 0.987 —0.945

Oy 1.118 1.001 0.117 0.884 xd 1.118 0.117 1.001 —0.884

de2 2 1.032 0.995 0.037 0.959 w2 1.032 0.037 0.995 —0.959

2 Oy 1.100 0.996 0.104 0.892 xd 1.100 0.104 0.996 —0.892
dy, 1.100 1.001 0.099 0.902 yd 1.100 0.099 1.001 —0.902

dy? 1111 0.994 0.116 0.879 vd 1.111 0.116 0.995 —0.879

Oy 0.728 0.473 0.255 0.219 wyd 0.728 0.255 0.473 —0.219

de_2 1.101 0.988 0.113 0.874 2dz2 1.101 0.113 0.988 —0.874

3 Oy 1.160 0.989 0.170 0.819 xd 1.160 0.170 0.989 —0.819
dy, 1.194 1.002 0.192 0.810 v 1.194 0.192 1.002 —0.810

dhe—y? 0.987 0.818 0.170 0.648 x2dy? 0.987 0.170 0.818 —0.648

iy 0.865 0.537 0.327 0.210 X 0.865 0.327 0.537 —0.210

dz 0.782 0.569 0.212 0.357 2d 0.782 0.212 0.569 —0.357

aFirst three and last two orbitals correspond to octaheggarnd g orbitals, respectively, for each complex.

TABLE 7: Mulliken Gross Orbital Populations in Mn 3d Orbitals of Mixed-Valence Complexes [Mn ,0,(H,0)g]%" in the

Lowest-Spin Configuration

Mn1l Mn2

complex 3d orbital total alpha beta spin 3d orbital total alpha beta spin
4a Oy 1.024 0.997 0.027 0.970 xd 1.144 0.142 1.002 —0.860
dy, 1.028 0.999 0.028 0.971 v 1.113 0.112 1.001 —0.888

dy? 1.033 0.996 0.037 0.960 xd 1.065 0.110 0.955 —0.844

Oy 1.100 1.002 0.098 0.904 xd 0.763 0.281 0.482 —0.201

de 2 1.064 0.997 0.067 0.931 a2 1.109 0.113 0.996 —0.882

4b Oy 1.044 0.998 0.046 0.952 A 1.101 0.101 1.000 —0.899
dy, 1.030 1.000 0.030 0.971 v 1.088 0.087 1.001 —-0.914

dy 1.041 0.997 0.044 0.952 d 1.112 0.123 0.989 —0.865

Oy 1.118 1.002 0.116 0.886 xd 0.733 0.262 0.471 —0.210

de-_2 1.037 0.990 0.047 0.942 2 1.097 0.098 1.000 —0.902

5 Oy 1.024 0.993 0.030 0.963 xd 1.269 0.269 1.000 —0.732
dy, 1.033 1.000 0.033 0.966 yd 1.220 0.218 1.001 —0.783

de-y? 1.035 0.995 0.040 0.954 2dy? 1.097 0.185 0.912 —0.728

Oy 1.120 1.004 0.117 0.887 wd 0.833 0.343 0.491 —0.148

dz 1.037 0.991 0.047 0.944 2d 0.710 0.256 0.454 —0.198

6 Oy 1.076 0.994 0.082 0.913 xd 1.198 0.199 1.000 —0.801
dy, 1.089 0.999 0.090 0.910 v 1.209 0.207 1.001 —0.794

die 1.077 0.990 0.087 0.904 x2dy? 1.032 0.209 0.823 —0.614

iy 0.753 0.510 0.243 0.266 xd 0.817 0.334 0.483 —0.148

a2 1.079 0.992 0.087 0.905 2d 0.791 0.247 0.544 —0.296

aThe first three and last two orbitals correspond to octahegyalnd g orbitals, respectively, for each complex.

electrostatic interactions among the Mn angxo ions in the
different oxidation states on the M@, geometries would be

0.10 (axial to Mn1), 0.12 (axial to Mn2), 0.08 (equatorial to
Mn1), and 0.11 (equatorial to Mn2) f&; 0.13 (axial to Mn1),

rather small. The spin densities are mainly localized on the Mn 0.17 (axial to Mn2), 0.15 and 0.16 (equatorial to Mn1), and

ions as+4.75 for Mn(ll) in 1, £3.81 for Mn(lll) in 2, +2.87
for Mn(1V) in 3, 4.76 for Mn(Il) and—3.80 for Mn(lll) in 4a,
4.75 for Mn(Il) and—3.85 for Mn(lll) in 4b, 4.74 for Mn(ll)
and —2.62 for Mn(lV) in 5, and 3.94 for Mn(lll) and—2.68
for Mn(IV) in 6 (lowest-spin configurations), and theoxo

0.17 and 0.18 (equatorial to Mn2) fd. Relatively larger
positive charges are found only f@8rwith the Mn(IV)—Mn-
(IV) oxidation state, and it is thus likely that the axiab®i
molecules on each Mn ion Biare apart from each other without
hydrogen bonds as shown in Figure 4c.

bridges have almost zero spin densities in the lowest-spin The electron populations for majority-spin components of
configurations with the exception of the mixed-valence com- oxidized Mn(lll) and Mn(IV) ions indicate that the octahedral
plexes5 and 6 including the Mn(lV) ions, whereas the small  tyg orbitals are always fully occupied with the populations near
spin delocaliztion on thei-oxo ions appears in the highest- 1.0, and the oxidized electrons are removed from the octahedral

spin configurations.

The charge densities on,8 ligands in the lowest-spin

gy orbitals in which the primary and secondary oxidations from
Mn(ll) to Mn(lll) and from Mn(lll) to Mn(lV) occur in the

configurations, which are not listed in Table 5, are distributed equatorial (g) and axial (g¢) orbitals, respectively. Concerning

as follows: —0.04 and—0.05 for1; 0.03 and 0.09 (axial) and
0.12 (equatoriaal) foR; 0.26 (axial) and 0.22 (equatorial) for
3; 0.01 and 0.00 (axial to Mn1);-0.02 (between Mn2 and

the Mn(IV) oxidation state, the,d.2 populations of3 and 6
indicate slightly lower values of about 0.82 for majority spin
because of the mixing with thezdbrbital at the same Mn site.

u-0x0), 0.04 (equatorial to Mn1), and 0.09 (equatorial to Mn2) The nonzero populations for minority-spin components, in

for 4, —0.02 (between Mnl and-oxo), 0.02 (axial to Mn2),
0.05 (equatorial to Mn1), and 0.08 (equatorial to Mn2)4br

contrast to the formal oxidation states with zero populations,
would be the contributions of the partial electron transfer of
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TABLE 8: Mn-Based Natural Orbitals of Iso-Valence Complexes [MnpO,(H20)g]9" in the Lowest-Spin Configuration

natural 1 2 3

orbital n? Mn1 Mn2 n? Mnl Mn2 n? Mn1l Mn2
LUMO+3 0.00& +d2 —dz
LUMO+2 0.01PF +dz +dz
LUMO+1 0.023 +dyy Oy 0.01% +dyy —0yy
LUMO 0.038 + 0y +dyy 0.03¢ +dyy +0yy
SOMO+5 0.900 +dy2 —d
SOMO+4 0.932 +dyy —0yy 0.792 +dy, +dy,
SOMO+3 0.974 +dy, +dy, 0.81% +de_2 —de_2 0.76F +dy, —dy,
SOMOH2 0.993 +dp2-2 +dpz2 0.858 +dy, —dy, 0.76F +dy, +dy,
SOMO+1 0.998 +dy, +dy, 0.86F +dy +dy 0.86F +de_y2 +de-y2
SOMO-1 1.002 +dy, —dy, 1.139 +dy2 —dy 1.133 +de-y? —de-y?
SOMO-2 1.007 +dp 2 —dy2 2 1.142 +dy, +dy, 1.239 +dy, —0y,
SOMO-3 1.026 +dy, —a 1.187 +de-_2 +de-_2 1.23% +dy, +dy,
SOMO-4 1.068 +dyy +dyy 1.208 +dy, dy,
SOMO-5 1.106 +dy2 +dye2

anindicates the electron occupation numBespecified orbitals correspond to octahedgabbitals. ¢ Specified orbitals correspond to octahedral

tag Orbitals.

TABLE 9: Mn-Based Natural Orbitals of Mixed-Valence Complexes [Mn,O»(H,0)g]%" in the Lowest-Spin Configuration

natural 4a 4b S 6

orbital nd Mnl Mn2 nd Mn1 Mn2 nd Mn1 Mn2 nd Mn1 Mn2
LUMO+2 0.007 +dz
LUMO+1 0.010 +dz 0.012 +dyy
LUMO 0.024 +d,  0.027 +dy,  0.013 +dy  0.048  +d
SOMO+4  0.869° +de2 —dge 0.874¢ +de2z —de
SOMO+3 0.898  +dy, +0x, 0.923  +dy, +dy, 0.83%  +dy, +dy, 0.780  +dx, +dy,
SOMO+2 0.936  +dy, —dy, 0.940¢ +dp +dz 2 0.860°¢ +d2 +dey2 0.79P¢ +dp 2 —de_y2
SOMO+1 0.944¢ +d2  +d22 095F +d, —d, 0.88% +d,, —d, 0799 +d, —dy,
SOMO2 1.6 +dy— dey
SOMO1 1.0 +dyy 1.0 +dyy 1.00¢ +de_y2 + dy 1.0pc +dx? — dp_2
SOMO-1 1.056¢ +dz  —de2 1.04% +d, +d, 1115  +d, +d,  1.20F  +d, +d,
SOMO-2 1.064 +dy, +dy, 1.060¢  +dyp —dz 2 1.140°¢ +dz —dey  1.203¢ +dp 2 +de 2
SOMO-3 1.102  +dx, —dy, 1.07F +dy —0, 1165  +dy —dy, 1.22F  +dy, —0y,
SOMO—-4 1.13P° +de2 +de 1.1268°¢ +de-2 +de

anindicates the electron occupation numBespecified orbitals correspond to octahedgabbitals. ¢ Specified orbitals correspond to octahedral

tog Orbitals.

doubly occupied electrons from the ligand to Mn, suggesting
superexchange interactions through thecdixo bridge. Such
covalent mixings are smaller for the Mn(ll) ion than for Mn-
(1) and Mn(lV) ions because the Mn(ll) ion has longer
separations from ligands. The electron populations for minority-
spin components in the octahedrgldnd g orbitals of Mn(lI1)
and Mn(IV) ions are respectively given as follows: 0.10, 0.10,
and 0.12 (1) and 0.26 and 0.11 gefor Mn(lll) in 2; 0.17,
0.19, and 0.17 §f) and 0.33 and 0.21 gefor Mn(lV) in 3;
0.14, 0.11, and 0.114) and 0.28 and 0.11 gefor Mn(lll) in
44a;0.10, 0.09, and 0.125) and 0.26 and 0.10 gefor Mn(lIl)
in 4b; 0.27, 0.22, and 0.195) and 0.34 and 0.26 gefor Mn-
(IV) in 5; 0.08, 0.09, and 0.09,() and 0.24 and 0.09 gefor
Mn(lll) in 6; 0.20, 0.21, and 0.215) and 0.33 and 0.25 g
for Mn(IV) in 6. These results indicate that the larger mixing
arises for the g component of octahedraj erbitals which are
extended directly towarg-oxo ions.

The Mulliken population analyses of [M@2(NHz3)g]4 in the
Mn(l11) =Mn(ll1), Mn(IV) —Mn(IV), and Mn(lIl)—Mn(IV) oxi-

follows: 0.99-1.00 and 0.140.15 (bg), 0.47 and 0.29 (g),
and 0.99 and 0.17 @ for Mn(lll) in the Mn(lIl) =Mn(llI)
center; 0.99 and 0.130.24 (bg), 0.51 and 0.37 (g), and 0.49
and 0.35 (g) for Mn(1V) in the Mn(IV)—Mn(1V) center; 0.99-
1.00 and 0.09:0.13 (bg), 0.50 and 0.30 (g), 0.95 and 0.21
(d2) for Mn(lll) in the Mn(Ill) =Mn(1V) center; 0.99-1.00 and
0.25-0.26 (bg), 0.47 and 0.36 (g), and 0.43 and 0.34 ) for
Mn(1V) in the Mn(lll) —Mn(1V) center. In comparison with these
gross orbital populations of [M.(NH3)g]9", the electron
populations for minority-spin components seem to become
slightly smaller in [MRO,(H20)g]9" as shown in Tables 6 and
7, particularly for the octahedraj erbitals in the axial direction
of the Mn(lIl)-Mn(lV) complex, suggesting that the orbital
mixings between Mn ang-oxo ions are smaller in the J@-
coordinated complexes than in the Nebordinated complexes.

VII. Natural Orbital Analysis of the Model Complex

We performed the natural orbital analysis of the model

dation states have been reported in ref 30. The spin densitiescomplexes to elucidate the singly occupied electron configura-

of [Mn,0,(H,0)g]9" in these oxidation states listed in Table 5
are consistent with those of [M@2(NH3)g]9" as+3.69 for Mn-
(1) in the Mn(l1l) =Mn(lll) dimer, £2.78 for Mn(1V) in the
Mn(IV) —Mn(1V) dimer, and 3.71 for Mn(lll) and-2.50 for
Mn(1V) in the Mn(lll) =Mn(IV) dimer, although the absolute
values are somewhat smaller in [MPp(NH3)g]d than in
[Mn20,(H20)g]4t. The electron populations for majority- and
minority-spin components of [MiD2(NH3)g]9™ were given as

tions of the Mn-Mn center in each oxidation state. The Mn-
based natural orbitals of iso- and mixed-valence complexes in
the lowest-spin configuration are listed in Tables 8 and 9,
respectively, in which the main 3d orbitals with the largest
components in Mulliken composition are given together with
the electron occupation numbers. Figures 8 and 9, respectively,
show the graphical presentations of the octahedyalatural
orbitals of the iso- and mixed-valence complexes in the lowest-
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spin configuration, and it is confirmed from these Figures that occupied ¢, on Mnl (SOMO), occupied ye2 on Mn2

the type of octahedraly@rbital in the axial direction for each
Mn site changes depending on the oxidation state of the-Mn
Mn center as mentioned in the preceding section.

The pairs of Mn-based natural orbitals denoted as SGWO
and SOMO-m, which give 2.0 as the sum of their electron

(SOMO+1 for 4a and SOMQGE2 for 4b), and unoccupied,gl
on Mn2 (LUMO) for 4 with Mn(Il) =Mn(lll); occupied gz on
Mn1 (SOMQ+t2), occupied ¢, on Mnl (SOMO1 and SOMO2),
unoccupied g, on Mn2 (LUMO), and unoccupiedon Mn2
(LUMO+1) for 5 with Mn(ll) —Mn(IV); occupied ¢—2 on Mn1

occupation numbers, are composed of the in-phase and out-of{SOMO+2), unoccupied g on Mn1 (LUMO), unoccupied g
phase combinations between 3d orbitals centered at each Mmon Mn2 (LUMO+1), and unoccupieddon Mn2 (LUMO+2)
site, and these pairs form the broken-symmetry solutions of for 6 with Mn(lll) —Mn(IV). However, the octahedralforbitals

singlet-coupled biradicals. The pairings gf dnd d, orbitals
are common td—6. The 3d components of SOMO1, SOMO2,
LUMO, LUMO+1, and LUMO+2 for 4—6 are well localized

are always occupied ibh—®6. It is consequently confirmed that
the one-electron oxidations of the Mn ion from Mn(lIl) to Mn-
(11 and from Mn(lll) to Mn(lV) occur by removing occupied

at one of the Mn sites (Mn1 or Mn2). The SOMO1 and SOMO?2 gy electrons in the equatorial §l and axial (g) directions,
are the pure singly occupied orbitals with an electron occupation respectively.

number of 1.0, and the SOMO fdia and4b is a nearly single
3d orbital of the Mn(ll) site, whereas the SOMO férand 6

As seen in Figures 8 and 9, the equatorigl abitals
(SOMO+4 in Figure 8a, LUMO and LUM@-1 in Figures 8b

has largely mixed 3d components within the same center of and 8c, SOMO and LUMO in Figures 9a and 9b, SOMO1,

the Mn(lIl) or Mn(lll) site (the SOMO1 and SOMO2 fdr are
the degenerate natural orbitals with= 1.0).
The electron occupations of the octahedgah&tural orbitals

SOMO2, and LUMO in Figure 9c, and LUMO and LUMEL
in Figure 9d) indicate the antibonding character between Mn
andu-oxo ions and between the Mn ion and the equatori® H

shown in Tables 8 and 9 change depending on the oxidation ofligand, whereas the axial ®rbitals (SOMQ:2 in Figure 8a,

the Mn—Mn center as follows: occupiedd(SOMO£4) and
occupied g2 (SOMO+2) for 1 with Mn(I1) —Mn(ll); occupied
de-2 (SOMO4+3) and unoccupiedygd(LUMO and LUMO+1)
for 2 with Mn(lll) =Mn(lll); unoccupied ¢y, (LUMO and
LUMO+1) and unoccupiedd(LUMO++2 and LUMO+3) for
3 with Mn(IV) —Mn(lV); occupied g2-2 on Mn1 (SOMQt4),

SOMO4+3 in Figure 8b, LUMGH2 and LUMO+3 in Figure
8c, SOMQt4 in Figure 9a, SOM@?2 in Figure 9b, SOM@-2
and LUMO+1 in Figure 9c, and SOMO, SOME®R, and
LUMO+2 in Figure 9d) indicate the antibonding nature between
the Mn ion and the axial 0 ligand. Because the electron
configurations of these orbitals vary according to the oxidation
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TABLE 10: Experimental and Theoretical Effective Exchange Integrals of Iso- and Mixed-Valence MpO, Complexes

oxidation state -2 ref oxidation state —-J2 |B|P ref
experiment experiment
Mn(l11) —Mn(ll) 86 30 Mn(l1) —=Mn(1V) 220 29
87,101 34 119159 30
Mn(IV) —Mn(1V) 120 29 101220 34
126, 144 30
40-147 34
78-188 54
calculation calculation
Mn(Il) —=Mn(Il) 2 this work Mn(I)=Mn(Ill) 341, 337 293 this work
Mn(l1) —Mn(Il) 154 this work 23 34
172 30 Mn(lI=Mn(1V) 1145 1821 this work
176 33 405 29
89 34 391 143 30
Mn(IV) —=Mn(1V) 106 this work 268 135 33
232 29 118 34
274 30
125 31
118 32
99 32
149 32
129 33
101 34
124 53
115 53

a Effective exchange integrals are given in @nP Resonance delocalization parameters are given int.cm

states of complexes as described above such that both orbital€omplexes in the delocalized highest-spin states are given in
are occupied for Mn(ll), the equatorial and axial orbitals are Appendix B.

unoccupied and occupied for Mn(lll), and both orbitals are  As described in refs 49, 50, and 53 as examples, the
unoccupied for Mn(1V), the deformations of molecular geometry theoretical J values largely depend on the computational
with the oxidation of the Mr-Mn center would be induced for  methods such as the combination of the exchange and correlation
the Mn—ligand distances, which are essentially expected as Mn- functionals employed in DFT calculation. Thus, thealues of

(1 =0 > Mn(lll) =0 and Mn(IV)-O for theu-oxo bridge, Mn- [Mn,0,(H20)g]%* in the iso-valence oxidation state+3) listed

(I —=0OH, > Mn(lll) —~OH, and Mn(IV)-OH, for equatorial in Table 10 would indicate that our results are consistent with
ligands, and Mn(ll)-OH; and Mn(lll)-OH; > Mn(IV) —OH, the other theoretical results in the Mn(HMn(lll) and Mn-

for axial ligands, corresponding to the optimized structures given (1) —Mn(1V) oxidation states. In ref 32, it was shown that the

in section V. theoretical-J value of the Mn(IV)}-Mn(IV) complex increases
_ _ with ligands in the order kD (—J = 99 cnT?l) < pic (=J =
VIIl. Magnetic Interaction of Model Complex 118 cnTl) < NH3 (—J = 149 cnt?) in proportion to the number

We summarize the experimental and theoreticailues of of coordinating N atoms, which is in accordance with the
the Mn,O, complexes with the die-oxo bridge available from experimental tendency. The results obtained in this study
refs 29-34, 53, and 54 in Table 10 together with thealues therefore are consistent with the results of ref 32. Although the
of [Mn,0(H20)g]4" calculated in this work. The experimental experllmerr]ltal and btheoretlcal \(/jaltjhes IOf th(la '\I/'nﬂ?,n(”%,
values were measured for the complexes with various ligands comkp_ex avr:e not " eefn re;ra]ortef ' anllje cah(_:uhate Ilg tb IS
(mainly N-donor). The theoretical values were calculated by WO'K is much smaller fod than for2 and3, which would be
the broken-symmetry DFT method for the following com- caused by Ionge_r Mn(I_i-)Mn(_II) and Mn(l!)—O separations
plexes: [MROAOAC)(TACN),J2+ and [MrbOx(u-02)(TACN),]2* from a geometrical viewpoint, suggesting weak magnetic
in ref 29; [MnOx(NHa)e]" in ref 30; [MnyO,(u-O7)(NHa)gl2+ ~ Interactions.

in ref 31; [MnOy(pic)s], [Mn20x(H:0)e]4t, and [MnO-- The experimental results seem to show the relatior-&f
(NHa)g]#" in ref 32; [Mn,O2(OCH)(NH3)e] ¢ in ref 33; [MnO,- for Mn(lll) =Mn(lll) < —J for Mn(IV) —Mn(IV) in contrast to
(NHa3)6(H20)2]9" in ref 34; [MyOx(NHCHCO,),] in ref 53. In our result of—J for Mn(lll) =Mn(lll) = 154 cmt > —J for
our estimation of thel values for [MnO,(H,0)]9", the iso-  Mn(IV)=Mn(lV) = 106 cnt™. However, it is noted that the
valence centers of Mn(HyMn(ll), Mn(lll) —Mn(lll), and Mn- experimentalJ values of the Mn(IV)-Mn(lV) complexes
(IV)—Mn(1V) and the mixed-valence centers of MnMn(lll) summarized in refs 34 and 54 indicate the following distribution

and Mn(lll)=Mn(lV) were examined, and the optimized ©f reported 28 and 20 data: 19 (ref 34) and 10 (ref 54)
structures of the highest- and lowest-spin configurations were compounds in-J < 100 cnt* and 9 (ref 34) and 10 (ref 54)
used to obtain thd values as in ref 30. We performed the compounds in 100 cnmt < —J, whereas data of only three
geometry optimizations with some of the geometrical constraints Compounds have been given in refs 30 and 34 for the
for the mixed-valence complexesand 6 in the delocalized ~ experimental values of the Mn(lll)-Mn(lll) complexes as-J
highest-spin state to take account of the delocalization effects® 90—100 cn™. Itis, thus, impossible to conclude exactly the
for the J values (eq 8) in which an extra electron was placed in order of experimental values with overlap in the Mn(llty

the in-phase or out-of-phase combinations of thgadbitals Mn(lll) and Mn(IV)—Mn(IV) oxidation states.

on each Mn site fod and in those of the gorbitals on each As for the mixed-valence complexes, Table 10 indicates that
Mn site for 6, respectively. The calculated results of energies, the —Jvalues are much larger in our calculations than in other
geometries, and charge and spin densities of mixed-valencetheoretical and experimental work. (It is noted thatihalues
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of the mixed-valence complexes reported in ref 34 may not bridge would induce a spin polarization with opposite direction
include resonance delocalization effects.) However, it has beenon another Mn center. This leads to the antiparallel spin
pointed out in refs 29, 48, and 52 that when the trapping energy alignment between two Mn ions if another Mn ion has overlap
AEyap largely exceeds the resonance enety¥iap > B(S + interactions with thex-oxo ions (superexchange interaction).
1/,), the observed value would be given byl = J + (BY Consequently, both orbital mixing between one Mn center and
AEyap) giving a positive (ferromagnetic) shift due to the partial a diu-oxo bridge and the nonzero orbital overlap between the
delocalization, and the trapping energy is the same as the energyi-u-oxo bridge and another Mn center are crucial for effective
of the intervalence charge-transfer optical bakBe, = AEirap. magnetic coupling by the superexchange mechanism.
Experimentallys>~>" AEq, has been estimated as 7124 €rfor The mixing weights of the di=oxo bridge in the magnetic
Mn(IMn(IV)( 4-O)(OACk(TACN).]** and 12 000 cmt for orbitals are smaller for the Mn(ll) ion than for the Mn(lll) and
[Mn(IIMN(IV)O 2L4J*" (L = 2,2-bipyridine or 1,10-phenan-  Mn(IV) ions with the exception of the,glorbital (Appendix C)

throline). We roughly estimate tH&#/AEyap value for [Mn(lll)- as expected from the longer MO distances for the Mn(ll)
Mn(IV)O2(H20)g]*" assuming that\Eyap ~ 10 000 cmi* to site than for the Mn(1Il) and Mn(IV) sites. Because theatbital

obtain a value of 332 cnt. (We note that the value of 9 ch on the Mn(ll) site, which faces the-oxo ion, interacts with
is obtained for [Mn(I)Mn(l1)Ox(H20)s] © with the same as-  the p, orbital of theu-oxo bridge (SOM@-4 in Figure 10a for
sumption ofAEuap ~ 10 000 cn1?). TheJ values of [MnO,- 1, SOMO in Figures 9a and 9b fdaand4b, and SOMO1 and

(H20)g]* in the mixed-valence oxidation statesand6) listed SOMO?2 in Figure 9c for5), the dy/dy, pathway may be

in Table 10 may be overestimated with uncertainties also considered to lead to the effective magnetic coupling through
because eq 8 is used for the fully delocalized limit of symmetric the diu-oxo bridge in the Mn(Il»-Mn(ll) complex. However,
high-spin states, as discussed in ref 30. Moreover, the hydrogenthe d,, orbital on the opposite Mn site would be nearly
bonds are formed in the broken-symmetry stated4 anhd6 as orthogonal to the bridginggorbital, suggesting that theyhl,y
shown in Figures 5a, 5b, and 5d, whereas the hydrogen bondspathway is inactive for the antiferromagnetic interaction between
in the delocalized high-spin statesd&nd6 vanish or become  Mn(ll) sites and the magnetic interactions are thus weakér in
weak with the longer bond lengths of 2:0.1 A, indicating  with Mn(Il) —Mn(ll) than in 2 with Mn(lll) —Mn(lIl) and 3 with

that the broken-symmetry states would be more stabilized by Mn(1V) —Mn(IV). Less orbital mixing of 3d orbitals between
the hydrogen bonds that lead to large energy gaps between théyoth Mn site is found in the complexes including the Mn(ll)
highest- and lowest-spin configurations in the estimatiod of  jon of 1 with Mn(Il) —Mn(ll), 4a and4b with Mn(Il) —Mn(lll),
values. In the case when the lower energy of delocalized highest-and 5 with Mn(Il) —Mn(IV) (Appexdix C), indicating weak
spin states is applied to eq 8 instead of the averaged energy oimagnetic interactions also in these complexes.

delopalized highest-spin states as the localized Rfrit,we The d/dx, and §d,, pathways interacting with porbital

obtain —J values of 269 cm for 4a, 264 cn* for 4b, and of the diu-oxo bridge are common ®with Mn(I11) —Mn(l11)

555 cnt? for 6. However, if the resonance delocalization of 544 3 with MN(IV) —Mn(IV) (SOMO+4 and SOM@:2 in

the second term in eq 5 is ignored, and the localized highest-,:igure 10b for2 and SOMQ:2 and SOMG:3 in Figure 10c

spin state of eq 4 is adopted for to the calculatiod ohlues, for 3). The d. and d, orbitals respectively indicate the 6 and

the —J values become 11 cm for 4a, 10 cnt* for 4b, and 6% contributions ir2 and the 7 and 8% contributions &from

163 cn for 6. The result for the Mn(lll}-Mn(IV) complex6 u-0x0 ions, the 2 and 1% mixings hand the 3 and 3% mixings

obtained from eq 4 seems to show similarity to the experimental j, 3 petween Mn sites, and the localizabilities of 91 and 90%

values, suggesting a valence-trapped nature. in 2 and 84 and 84% iB. However, in ref 30 the compositions
Here, we briefly discuss the superexchange pathways betweerbf canonical orbitals were given as Mabxo/Mn = 49:39:11

the Mn sites through the di-oxo bridge on the basis of the  for the d, orbital and 54:30:7 for theygorbital in [Mn(Il1) 20,-

magnetic orbitals, which are obtained using eq 12 from the (NH3)g]?" and as Mn#-oxo/Mn = 35:48:15 for the g orbital

singlet-coupled natural orbitals of the broken-symmetry solu- and 43:27:15 for the,dorbital in [Mn(IV)202(NH3)g]*". Thus,

tions. Figures 10 and 11 give graphical presentations of theit is found that the Mn-based orbitals are more delocalized in

singly occupied magnetic orbitals of the iso- and mixed-valence the canonical orbitals of [My©2(NH3)g]9 than in the magnetic

complexes, respectively, and the compositions of these orbitalsorbitals of [MnO,(H,0)s]4". The dependence of4hl, and 4/

are given in Appendix C. Although the compositions of the d,, pathways in [MRO(NHa3)g]4" on the geometry of the M@,

unrestricted canonical orbitals of [MB,(NH3)g]9* with the Mn- core was also investigated in ref 30. The authors’ conclusions

1y =Mn(lry, Mn(l1) —Mn(1V), and Mn(IV)—Mn(1V) centers state that the jporbital of theu-oxo ion overlaps equally with

were reported in ref 30, it may be impossible to compare the the d, and g, orbitals at the point where the-Mn—0O angle

canonical orbitals directly with the magnetic orbitals. Because is exactly 90. As the G-Mn—0 angle becomes narrow, the

some of the 3d components of the Mn ions would be distributed interaction between the,wrbital and the ¢ orbital is enhanced

over several canonical orbitals in a delocalized nature, it may and the interaction between thg grbital and the g orbital is

be difficult to regard the specific canonical orbitals as singly reduced, respectively. The antiferromagnetic contribution from

occupied Mn 3d orbitals that characterize the magnetic proper-the d,/dy, pathway is, thus, enhanced at the optimized geometry,

ties of the molecule. It may therefore be reasonable to use thegiving rise to a larger exchange coupling constant in MngIV)

well-defined singly occupied orbitals such as the natural orbitals with O—Mn(IV) -0 = 77.9 than in Mn(lll), with O—Mn-

or the magnetic orbitals in the analysis of magnetic proper- (lll) —O = 84.8. This trend would be true in the case of [M3-

ties49-51.53 (H20)g]%", although the difference in magnetic coupling between
Considering the interaction between Mn (parallel unpaired the dd/dy; and g./d,, pathways may be small judging from the

spins) andu-oxo (closed shell) sites in the formal oxidation compositions of the dand d, magnetic orbitals.

state, the contribution from the electron configuration, in which  Regarding the remaining pathways qf ¢2/dy2-y2 and g2/d2

an electron of th@-oxo ion with antiparallel spin to the electrons in the Mn(lll)=Mn(lll) and Mn(IV)—Mn(lV) centers, it was

of the Mn ion that are transferred to one of the Mn ions, arises shown in ref 30 that these symmetric pathways do not contribute

in the interacting system. The remaining spin on thexo because of the absence of a direct orbital overlap between Mn



Di-u-oxo-Bridged [MrO;(H20)g]9* J. Phys. Chem. A, Vol. 110, No. 51, 200683909

@v % o; @v R 0P % e &> - o W
- ‘@ e ® & o e = ) ® G ®
: LN ﬁj Koo oo N S Dot sod

From SOMO«1 From SOMO=2 From SOMO=3 From SOMO=4 From SOMO%5

Ton view

@«g o Q’n o g =l - -
o, o ¢ eé o, o @» @ @»
< T - G evd < il - . S - & &

From SOMO=1 From SOMO=2 From SOMO=3 From SOMO=4 From SOMO=5

Side view
a)

) 4Dl A G M S W 000 SO SRV O PG
@3, e @ e B N8 8 8
e Ol i Al i it B i D ¢ il ?

Top view
2 -7 v g ® -4 ° - & ¢ g L] fw” ] ‘-o:
Booé pomht ffoi ¢ ol 4@ i yos(@i 180 ¢ -+ 0B
b N s~ R 28 > e b Y i e 8
From SOMO=1 From SOMO«2 From SOMO=3 From SOMO=4

Side view

b}

> dog, - Y S
B e el ale] el e

From SOMO=1 From SOMO=2 From S0MO=+3

Top view

¥ ¥
%W'tb{
o A

From SOMO£1 From SOMO+2 From SOMO«3

Side view

)

Figure 10. Singly occupied magnetic orbitals of iso-valence complexes in the lowest-spin configuration: {@y(Nu®)s (1), (b) [Mn2O.-
(H20)g]?* (2), and (c) [MnO2(H20)s]** (3). Isocontours correspond to 0.025 au.

sites, whereas the crossed pathway,ef,edz is possible with contribute secondly to the exchange coupling constant in
the compositions of canonical orbitals: Mg¥d?)/u-oxo/Mn- addition to the dominant.gdy, and 44dy, pathways in the Mn-
(d2) = 62:31:4 and Mn(d)/u-oxo/Mn(dz—y2) = 61:5:5 in [Mn- (1) =Mn(l1y and Mn(IV)—Mn(IV) centers of [MBO2(H,0)g]%*,

(1) 202(NH3)g]>* and Mn(dz-2)/u-oxo/Mn(d?) = 60:25:5 in and it is suggested that the differences in contribution from the
[Mn(IV) 202(NHz3)g]**. The authors of ref 30 concluded that the additional pathways may cause thaf for 2 > —J for 3 in
dey2/d2 pathway makes only minor contributions to the overall contrast to that for [MgO(NH3)g] .

exchage coupling constant in the Mn(#)n(lll) and Mn(IV)— In the mixed-valence comple& with the Mn(IIl)—Mn(IV)
Mn(IV) oxidation states, although it gives rise to additional center, the compositions of magnetic orbitals of Mn(l#pxo/
antiferromagnetic (half filled @2 and d?) and ferromagnetic Mn(IV) are given as follows: 84:2:2 and 2:13:74 fgg drbitals
(half filled dy-y2 and vacant g) contributions in the Mn(ll1) (SOMO+3 in Figure 11(d); 83:3:2 and 2:13:74 foy,@rbitals
and Mn(IV), dimers, respectively. However, the compositions (SOMO+1 in Figure 11(d); 52:2:3 and 1:12:61 for the-g2

of the magnetic orbitals of [MiD,(H2O)g] ™ show that the d_2/ orbital on Mn(lll) and for the g2 orbital on Mn(lV)
de-2 and ge/dye pathways in2 (SOMO£3 and SOMQ@&:1 in (SOMO+2 in Figure 11d), respectively; 54:4:1 for the drbital
Figure 10b) and the & /de-2 pathway in3 (SOMO+1 in on Mn(lll) (SOMO in Figure 9d). The SOMO and SOME
Figure 10(c) have small orbital mixings between Mn sites of 1 indicate the orbital mixings within the same Mn site. The
and 1% for ¢t-2 and de orbitals in2 and 2% for the @-y2 contributions from the g/dy, and dddy, pathways to the
orbital in 3, whereas the crossed pathway seems to be absenexchange coupling constant would also be dominant in the
although the orbital mixings on the same Mn center between mixed-valence complex of [Mn(ll)Mn(IV)@H20)g]3" as in
de-2 and gz in 2 and between @2 and d2 in 3 are found. the iso-valence complexes of [Mn(132(H20)g]2" and [Mn-
Therefore, these symmetric pathways are also expected to(lV).,0,(H20)]*". The SOMO and SOM@2 indicate the
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Figure 11. Singly occupied magnetic orbitals of mixed-valence complexes in the lowest-spin configuration: §@p(MUD)s]™ (4a), (b) [MNO2-
(H20)g] ™ (4b), (c) [MNn2O(H20)g]?" (5), and (d) [MnO,(H2O)g]®" (6). Isocontours correspond to 0.025 au

orbital mixings among the,d(Mn(lll), dy2-2 Mn(ll1)), d,2-y2 sites are favorable to the octahedral positions, th@ kjands
(Mn(1V)), and dz (MN(IV)) components, suggesting the crossed of the Mn(ll) site indicate the tendency to move from the
pathway would be involved in these magnetic orbitals. The octahedral positions, which may be caused by the instability of
compositions of the canonical orbitals of [Mn(lI)Mn(IV}© octahedral positions at the Mn(ll) site induced from the electron
(NH3)g]®* given in ref 30 again show the delocalized nature as occupations of antibonding orbitals in the axial and equatorial
Mn(lll)/ u-oxo/Mn(IV) = 46:34:20 and 8:45:46 for thexd  directions. The formation of hydrogen bonds are found between
orbitals, 48:21:15 and 7:34:48 for thg, drbitals, 57:20:14(€) axial H,O ligands in the oxidation states except in Mndl)
and 4(g):28:64 for the g2 orbitals, and 48(g):2:12(de-y?) Mn(ll) and Mn(IV)—Mn(IV) and between:-oxo ions and HO

for the unpaired orbital, indicating the crossed pathwayofd ligands in the oxidation states of Mn(HMn(ll) and Mn(l1)—
dz. Mn(Il).
IX. Summary The optimized structures of [M@,(H20)g]9" are compatible

In the present study, we determined the stable geometries of‘l’_\’Ith Lhe rezo;\ted structu_resl, of I\ﬁﬁz_ co;npexes wgh vartquus
di-u-oxo-bridged MrO, complexes with HO ligands [MO>- igands, and the geometrical trends in the;dncore depending

(H,0)]%* (q = 0—4), the iso-valence complexes in the Mn-  ©N the oxidation state of complexes are indicated as MaQl)
(1) —Mn(l1), Mn(lll) —=Mn(il1), and Mn(IV)—Mn(IV) oxidation > Mn(ll) —O~ Mn(1V) —O, O-Mn(ll) ~O > O—Mn(lll) —O
states, and the mixed-valence complexes in the Ma{ih- > O—Mn(lV)—O compared among iso-valence cores, and
(I11), Mn(ll) —Mn(1V), and Mn(lll)—Mn(1V) oxidation states, ~ O~Mn(lower)—O < O—Mn(higher)-O compared within the
using all-electron DFT calculation of the broken-symmetry Mixed-valence core. The comparisons of interatomic distances
B3LYP method, and the geometrical features and electronic Petween the model complexes optimized in this study and the
structures were investigated in relation to their changes depend-cubanelike Mn cluster of the OEC observed in the recent X-ray
ing on the oxidation state of MaMn center. The calculated ~ Crystallographic study would suggest that the Mn(ll) ion may
results of [MnO,(H20)g]9" in this study were compared with ~ not be contained in the M@aQ; structure.
those of [MnO,(NH3)g]9* given in ref 30. The charge and spin densities are evaluated by the Mulliken
The antiparallel spin-couplings are energetically more stable population analysis, and the electron populations in the Mn 3d
than the parallel spin-couplings for the oxidation states without orbitals of [MnO,(H20)g]9" seem to show correspondence with
the Mn(ll) ion, whereas the energy differences between both those of [MRO2(NH3)g]9t for the Mn(lIl)—Mn(lIl), Mn(1V) —
spin alignments in the oxidation states with the Mn(ll) ion are Mn(lV), and Mn(lll)—Mn(IV) oxidation states. The singly
small. Although the HO ligands of the Mn(lll) and Mn(IV) occupied electron configurations of the MNn center in each
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oxidation state are elucidated by the natural orbital analysis, smaller than that in the higher oxidation states, indicating weak
and it is confirmed that the one-electron oxidations from Mn- magnetic interactions through longer Mn(Hp separations.
(1) to Mn(Ill) and from Mn(lll) to Mn(1V), respectively, remove However, thel value of the mixed-valence complex with the

the octahedral gelectrons in the equatorial 4§l and axial (ck) Mn(lll) =Mn(lV) center reveals a large deviation from the
orbitals. reported] values in other experimental and theoretical studies.
The magnetic interactions between Mn sites throughrtbro Although the hydrogen bonds may affect thevalue, it is
bridge are examined from the estimation of effective exchange impossible to conclude the magnitude of thealue exactly
integrals and superexchange pathways. J¥a@ues of [MnO,- for [Mn,0,(H20)g]4" in the Mn(IIl)=Mn(IV) oxidation state
(H20)g]9™ in the Mn(lIl)—Mn(l1l) and Mn(IV)—Mn(IV) oxida- without uncertainty. The superexchange pathways of,[B4n

tion states seem to be consistent with the other experimental(H,O)g]4" in the Mn(lll)—Mn(lIl), Mn(IV) —Mn(lV), and Mn-
and theoretical values, although thd value is slightly larger (I —Mn(1V) oxidation states based on the Mulliken compo-
for the Mn(lll), dimer than for the Mn(I\V) dimer in contrast sitions of singly occupied magnetic orbitals suggest that the
with that of [MnO2(NH3)g]d. The —J value of [MnpO,- symmetric pathways of,ddy, and 44dy, are dominant, and the
(H20)g]* in the Mn(I1)—Mn(ll) oxidation state becomes much  remaining symmetric pathways would also contribute to the

TABLE Al: Optimized Interatomic Distances in the Mn O, Core of Iso- and Mixed-Valence Complexes [MpO,(H»O)g]*
interatomic distance (ang3ms)

complex S Mn1—Mn2 03-04 Mn1-03 Mn1-04 Mn2—-0O3 Mn2—-04
1 10/2 2.948 2.949 2.085 2.084 2.084 2.086
0/2 2.890 2.978 2.076 2.073 2.074 2.076
2 8/2 2.667 2.414 1.803 1.795 1.795 1.803
0/2 2.651 2.397 1.790 1.784 1.784 1.790
3 6/2 2.748 2.302 1.792 1.793 1.793 1.793
0/2 2.762 2.249 1.781 1.781 1.781 1.781
4a 9/2 2.840 2.622 2.127 2.128 1.753 1.754
1/2 2.828 2.606 2.103 2.106 1.754 1.755
4b 9/2 2.830 2.639 2.085 2.085 1.794 1.794
1/2 2.814 2.628 2.063 2.065 1.795 1.795
5 8/2 2.740 2.542 2.057 2.058 1.695 1.695
22 2.749 2.517 2.048 2.048 1.694 1.694
6 72 2.696 2.356 1.827 1.829 1.748 1.757
1/2 2.703 2.318 1.822 1.827 1.733 1.740

TABLE A2: Optimized Interatomic Angles in the Mn ,0O, Core of Iso- and Mixed-Valence Complexes [MpO,(H,0)g]"
interatomic angle (deg)

complex S Mn1—-0O3—Mn2 Mn1—-04—Mn2 0O3-Mn1-04 03-Mn2—-04
1 10/2 90.0 90.0 90.0 90.0
0/2 88.3 88.3 91.7 91.7
2 8/2 95.7 95.7 84.3 84.3
0/2 95.8 95.7 84.2 84.2
3 6/2 100.0 100.0 79.9 79.9
0/2 101.7 101.7 78.3 78.3
4a 9/2 93.6 93.5 76.0 96.8
1/2 93.9 93.7 76.5 95.9
4b 9/2 93.4 93.4 78.5 94.7
1/2 93.4 93.4 79.0 94.0
5 8/2 93.3 93.3 76.3 97.2
2/2 94.0 94.0 75.8 96.0
6 712 97.9 97.5 80.2 84.5
1/2 98.9 98.5 78.9 83.7

TABLE A3: Optimized Interatomic Distances Between Mn lons and HO Ligands of Iso- and Mixed-Valence Complexes
[Mn ,05(H20)g] 4

interatomic distance (ang3tns)
complex S Mn1l-0O5 Mn1-06 Mn2—-07? Mn2—-08 Mnl1-O% Mn1-O1® Mn2—-012% Mn2—-012

1 10/2 2.261 2.265 2.261 2.264 2.238 2.238 2.239 2.238
0/2 2.268 2.269 2.266 2.270 2.244 2.245 2.244 2.244
2 8/2 2.414 2.255 2.255 2.413 2.092 2.089 2.090 2.093
0/2 2.406 2.250 2.251 2.405 2.100 2.098 2.098 2.100
3 6/2 1.969 1.969 1.969 1.969 2.051 2.051 2.051 2.051
0/2 1.968 1.968 1.968 1.968 2.049 2.049 2.049 2.049
4a 9/2 2.200 2.188 2.816 3.003 2.226 2.231 2.095 2.094
1/2 2.196 2.184 2.779 2.959 2.241 2.245 2.096 2.095
4b 9/2 2.362 2.361 2.289 2.288 2.159 2.159 2.119 2.119
1/2 2.384 2.379 2.284 2.284 2.165 2.165 2.122 2.122
5 8/2 2.350 2.350 2.010 2.010 2.180 2.180 2.163 2.164
212 2.334 2.333 2.008 2.008 2.186 2.187 2.160 2.161
6 712 2.380 2.381 1.967 1.968 2.048 2.042 2.066 2.076
1/2 2.356 2.357 1.969 1.969 2.058 2.051 2.066 2.072

2 05—-012 indicate O atoms in # molecules shown in Figure 3, respectively.
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exchange coupling constant, whereas the crossed pathway majppendix A
be less important in the Mn dimers with,@ ligands than in

the Mn dimers with NH ligands. The optimized geometrical parameters of iso- and mixed-

valence complexes [M,(H20)g]" in the most-stable highest-

TABLE B1: Total and Relative Energies of the and lowest-spin configurations are listed in Tables-AB with
Mixed-Valence Complexes [MROx(H,0)g] " and Table Al listing interatomic distances in the b@» core, Table
[Mn ;,0,(H20)g]3" in the Delocalized Highest-Spin State A2 listing interatomic angles in the M@, core, and Table A3
] total energy relative energy listing interatomic distances between Mn ions an®Higands.
complex S 2O (au) (kcal/mol) )
4 92 2490 306352301 0.00 Appendix B
9/2 2491 —3063.50964 8.38 i i i i i
5 212 1605  —308270282 0,00 We obtained the delocalized h_|ghest-sp|n states pf mlxed-
712 1612 —3062.63643 41.63 valence complexe$ and6 by applying geometry optimization
with constraints for some of the geometrical parameters. The
TABLE B2: Optimized Geometrical Parameters in the calculated results of the total energies, J@p structures, and
Mn,O, Core of the Mixed-Valence Complexes Mn,0; charge and spin densities are summarized in Tables B1

[Mn 202(H2())]Jr and [Mn 2()2(H20)3]3Jr in the Delocalized

Highest-Spin State B3, respectively.

complex S Mn—Mn@ O-02 Mn—02 O—Mn—0P Appendix C
4 9/2 2.615 2.708 1.881,1.883 92.0 . . . . . .
9/2 2.833 2554  1.905, 1.909 84.0 The singly occupied magnetic orblltals of the iso- apd mixed-
6 712 2.683 2.374  1.790,1.792 83.0 valence complexes [Mf,(H,0)g]9" in the lowest-spin con-
7122794 2291 1.805,1.808 78.7 figuration are obtained from the singlet-coupled natural orbitals
aInteratomic distances are given in angste® Interatomic angles  t0 recover the broken-symmetry picture. The Mulliken composi-
are given in degrees. tions of the magnetic orbitals of each complex are listed in

TABLE B3: Mulliken Charge and Spin Densities on Atoms in the Mn,O, Core of the Mixed-Valence Complexes
[Mn ,0,(H20)g] " and [Mn,0,(H,0)g]*" in the Delocalized Highest-Spin State

charge density spin density
complex S Mn1l Mn2 03 04 Mnl Mn2 03 04
4 9/2 1.401 1.401 —1.058 —1.058 4.350 4.350 0.062 0.062
9/2 1.415 1.415 —1.060 —1.060 4.396 4.394 0.044 0.044
6 712 1.658 1.658 —0.747 —0.747 3.581 3.580 —0.132 —0.132
72 1.675 1.675 —0.784 —0.783 3.597 3.597 —0.089 —0.091

TABLE C1: Mulliken Compositions of the Singly Occupied Magnetic Orbitals of the Iso-Valence Complex MRO,(H,0)g (1) in
the Lowest-Spin Configuration

magnetic Mn1° Mn2°

orbitaP W1(eqf Wl(axP sp d. d, de dy dzz OO sp d, d, de dy dzz W2(@xF W2(eqy
SOMO+£1 (+) 0 0 0 0 0 0 0 0 1 0 0 97 0 0 0 1 1
SOMO+£1L (-) 1 1 0 0 97 0 0 0 1 0 0 0 0 0 0 0 0
SOMOL£2 (+) 0 2 0 2 0 23 0 71 2 0 0 0 0 0 0 0 0
SOMO£2 (—) 0 0 0 0 0 0 0 0 2 0 2 0 23 0 71 2 0
SOMO+£3 (+) 2 2 0 92 0 0 0 3 1 0 0 0 0 0 0 0 0
SOMO+£3 (—) 0 0 0 0 0 0 0 0 1 0 92 0 0 0 3 2 2
SOMO£4 (+) 1 0 0 0 0 0 0 0 7 0 0 0 0 89 0 1 2
SOMO+£4 (—) 2 1 0 0 0 0 89 0 7 0 0 0 0 0 0 0 1
SOMO4L£5 (+) 0 1 2 1 0 72 0 23 2 0 0 0 0 0 0 0 0
SOMO4L5 (—) 0 0 0 0 0 0 0 0 2 2 1 0o 72 0 23 1 0

2 SOMO+M (+) and SOMGEm (—) correspond to plus and minus mixings of SOM® and SOMG-m, respectively? W1 (ax) and W1 (eq)
indicate axial and equatorial,® molecules coordinated to Mn1, respectivélfhe first three and last two 3d orbitals correspond to the octahedral
tog and g orbitals, respectively! OO indicates a dit-oxo bridge between Mn1 and Mn2W?2 (ax) and W2 (eq) indicate axial and equatoriaOH
molecules coordinated to Mn2, respectively.

TABLE C2: Mulliken Compositions of the Singly Occupied Magnetic Orbitals of the Iso-Valence Complex [MnO,(H,0)g]?t (2)
in the Lowest-Spin Configuration

magnetic Mn1° Mn2e

orbitaP W1(eqf Wl(axf sp d. d, dz dy dez OO sp d, d, dg dy dez W2(@xF W2(eqy
SOMO£1L (+) 1 2 1 0 0 86 O 4 5 0 0 0 1 0 0 0 0
SOMO£1L (-) 0 0 0 0 0 1 0 0 5 1 0 0 8 O 4 2 1
SOMO+£2 (+) 0 0 0 0 1 0 O 0 6 0 0 90 1 0 2 0 1
SOMO+£2 (-) 1 1 0 0 90 0 O 2 6 0 0 1 0 O 0 0 0
SOMO+£3 (+) 0 0 0 0 0 0 O 1 5 1 0 2 4 0 83 3 1
SOMO+£3 (—) 1 3 1 0 2 4 0 83 5 0 0 0 0 O 1 0 0
SOMO£4 (+) 1 0 0 91 0 0 O 0 6 0 2 0 0 O 0 0 0
SOMO£4 (—) 0 0 0 2 0 0 O 0 6 0 91 0 0 O 0 0 1

2 SOMO+EM (+) and SOMGEm (—) correspond to plus and minus mixings of SOM® and SOMG-m, respectively? W1 (ax) and W1 (eq)
indicate axial and equatorial,® molecules coordinated to Mn1, respectivélfhe first three and last two 3d orbitals correspond to the octahedral
tog and g orbitals, respectively! OO indicates a dit-oxo bridge between Mn1 and Mn2W?2 (ax) and W2 (eq) indicate axial and equatoriaOH
molecules coordinated to Mn2, respectively.
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TABLE C3: Mulliken Compositions of the Singly Occupied Magnetic Orbitals of the Iso-Valence Complex [MrO2(H20)g]*" (3)
in the Lowest-Spin Configuration

magnetic Mn1° Mn2°

orbitaP W1(eqf Wl(axf sp d. d, dey dy dz2 OO sp d, d, deyp dy dz W2(@xf W2(eqy
SOMO+£1 (+) 1 0 0 0 0 64 0 26 6 0 0 0 2 0 0 0 0
SOMO+£1 (-) 0 0 0 0 0 2 0 0 6 0 0 0 64 0 26 0 1
SOMO+£2 (+) 2 2 0 84 0 0 0 2 7 0 3 0 0 0 0 0 0
SOMO+£2 (—) 0 0 0 3 0 0 0 0 7 0 84 0 0 0 2 2 2
SOMO+£3 (+) 0 1 0 0 3 0 0 0 8 0 0 84 0 0 0 4 2
SOMO+£3 (—) 2 4 0 0 84 0 0 0 8 0 0 3 0 0 0 1 0

aSOMO+m (+) and SOMGEm (—) correspond to plus and minus mixings of SOM@ and SOMG-m, respectively? W1 (ax) and W1 (eq)
indicate axial and equatorial,® molecules coordinated to Mn1, respectivélfhe first three and last two 3d orbitals correspond to the octahedral
tog and g orbitals, respectively! OO indicates a die-oxo bridge between Mn1 and Mn2W?2 (ax) and W2 (eq) indicate axial and equatoriaOH
molecules coordinated to Mn2, respectively.

TABLE C4: Mulliken Compositions of the Singly Occupied Magnetic Orbitals of the Mixed-Valence Complex [Mn,O2(H,0)g]
(4a) in the Lowest-Spin Configuration

magnetic MnI° Mn2e

orbitak w1 (eq)J w1 (aX)J Sp d(z dyz dy2 dxy d)(zfz2 O()j Sp d(z dyz d)(2 dxy dyzfz2 W2 (aX)E W2 (eq)E
SOMJ 2 0 0 1 8 0 82 0 6 0 0 0 0 O 0 0 1
SOMO+1 (+) 0 0 0 0 0 0 0 0 3 6 0 0 38 O 51 1 0
SOMO+1 (—) 1 0 0 0 0 92 0 4 2 0 0 0 0 O 0 0 0
SOMO+2 (+) 0 0 0 0 0 0 0 0 8 0 0 89 0 O 0 1 1
SOMO+2 (—) 0 1 0 1 88 0 7 1 2 0 0 0 0O O 0 0 0
SOMO+3 (+) 0 0 0 0 0 0 0 0 11 0 86 0 0 0 0 1 1
SOMO+3 (—) 1 1 0 96 0 0 1 0 1 0 1 0 0 O 0 0 0
SOMO+4 (+) 0 0 1 0 0 0 0 0 10 2 0 0 46 O 38 0 1
SOMO+4 (—) 1 4 0 0 1 4 0 89 1 0 0 0 1 0 0 0 0

aSOMO+m (+) and SOMGEm (—) correspond to plus and minus mixings of SOM® and SOMG-m, respectively” W1 (ax) and W1 (eq)
indicate axial and equatorial,® molecules coordinated to Mn1, respectiveélfhe first three and last two 3d orbitals correspond to the octahedral
tog and g orbitals, respectively? OO indicates a die-oxo bridge between Mn1 and Mn2W?2 (ax) and W2 (eq) indicate axial and equatorialH
molecules coordinated to Mn2, respectivélZ.ompositions of the natural orbital are shown.

TABLE C5: Mulliken Compositions of the Singly Occupied Magnetic Orbitals of the Mixed-Valence Complex [MnO4(H,0)g]
(4b) in the Lowest-Spin Configuration

magnetic Mn1° Mn2¢

orbitaP W1(eqf Wl(axf sp d. d, dz dy dez OO sp d, d, de dy dzz W2(@xF W2(eqy
soMd 2 0 0 0 0 0 89 0 8 0 0 0 0 O 0 0 1
SOMO+£1 (+) 0 1 0 0 0 0 0 0 6 0 0 92 0 O 0 1 1
SOMO£1L (—) 1 0 0 0 97 0 0 0 1 0 0 0 0O O 0 0 0
SOMO+£2 (+) 0 0 0 0 0 0 0 0 4 1 1 0 25 O 64 4 1
SOMO+£2 (—) 1 1 0 1 0 95 0 0 3 0 0 0 0 O 0 0 0
SOMO+£3 (+) 2 2 1 87 0 1 0 6 1 0 0 0 0 O 0 0 0
SOMO£3 (—) 0 1 0 0 0 0 0 0 7 0 86 0 2 0 3 0 1
SOMO+£4 (+) 0 0 0 0 0 0 0 1 7 1 4 0 60 O 24 2 1
SOMO+4 (—) 1 1 1 7 0 0 0 89 1 0 0 0 0 O 0 0 0

aSOMO+mM (+) and SOMGEm (—) correspond to plus and minus mixings of SOM@ and SOMG-m, respectively? W1 (ax) and W1 (eq)
indicate axial and equatorial® molecules coordinated to Mn1, respectivélfhe first three and last two 3d orbitals correspond to the octahedral
tog and g orbitals, respectively! OO indicates a die-oxo bridge between Mn1 and Mn2W?2 (ax) and W2 (eq) indicate axial and equatoriaOH
molecules coordinated to Mn2, respectivélZompositions of the natural orbital are shown.

TABLE C6: Mulliken Compositions of the Singly Occupied Magnetic Orbitals of the Mixed-Valence Complex [MnO2(H,0)g]?"
(5) in the Lowest-Spin Configuration

magnetic Mn1° Mn2°

orbital W1l(eqf Wl(@xP sp d. 0, dey dy d2 OO sp d, d, deyp dy dz2 W2(@xF W2(eqy
SOMOT 2 0 0 0 0 46 35 12 4 0 0 0 0 0 0 0 0
SOMOZ 2 0 0 0 0 31 54 8 5 0 0 0 0 0 0 0 0
SOMO+£1 (+) 0 0 0 0 1 0 0 0 17 0 0 80 0 0 0 2 1
SOMO£1L (—) 1 0 0 0 97 0 0 0 1 0 0 1 0 0 0 0 0
SOMO+£2 (+) 1 3 1 3 0 19 0 73 1 0 0 0 1 0 0 0 0
SOMO+£2 (—) 0 0 1 0 0 0 0 1 14 0 2 0 71 0 10 0 1
SOMO+£3 (+) 0 0 0 1 0 0 0 0 23 0 73 0 2 0 0 1 0
SOMOL£3 (—) 1 0 0 95 0 0 0 2 0 0 1 0 0 0 0 0 0

2 SOMO+EM (+) and SOMGEm (—) correspond to plus and minus mixings of SOM® and SOMG-m, respectively? W1 (ax) and W1 (eq)
indicate axial and equatorial,® molecules coordinated to Mn1, respectivélfhe first three and last two 3d orbitals correspond to the octahedral
tog and g orbitals, respectively! OO indicates a di-oxo bridge between Mn1 and Mn2W?2 (ax) and W2 (eq) indicate axial and equatoriaOH
molecules coordinated to Mn2, respectivélZompositions of the natural orbital are shown.
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TABLE C7: Mulliken Compositions of the Singly Occupied Magnetic Orbitals of the Mixed-Valence Complex [MnO2(H,0)g]3"

(6) in the Lowest-Spin Configuration

magnetic Mn1e Mn2¢

orbitak W1(eqf Wil(@xP sp d, d, de dy dzp2 OO' sp d, d, dey dy d2 W2(axp W2 (eqp
SOMO 1 1 0 0 0 54 O 40 4 0 0 0 0 0 1 0 0
SOMO+£1 (+) 0 0 0 0 2 0 O 0 13 0 9 74 0 0 0 2 1
SOMO+£1L (-) 1 0 0 10 83 0 O 0 3 0 0 2 0 0 0 0 0
SOMO+£2 (+) 1 4 1 0 0 37 O 52 2 0 0 0 2 0 1 0 0
SOMO+2 (—) 0 0 0 0 0 0 O 1 12 0 0 0 61 0 23 0 1
SOMO+£3 (+) 0 0 0 2 0 0 O 0 13 0 74 8 0 0 0 1 1
SOMO£3 (—) 2 0 0 84 10 0 O 0 2 0 2 0 0 0 0 0 0

2 SOMO+EM (+) and SOMGEm (—) correspond to plus and minus mixings of SOM® and SOMG-m, respectively? W1 (ax) and W1 (eq)
indicate axial and equatorial,® molecules coordinated to Mn1, respectivélfhe first three and last two 3d orbitals correspond to the octahedral
tog and g orbitals, respectively! OO indicates a di-oxo bridge between Mn1 and Mn2W?2 (ax) and W2 (eq) indicate axial and equatoriaOH
molecules coordinated to Mn2, respectivélZ.ompositions of the natural orbital are shown.

Tables C+C7 as Table C1 fot, Table C2 for2, Table C3 for
3, Table C4 forda, Table C5 fordb, Table C6 for5, and Table
C7 for6.
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