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Abstract

An effective spin hamiltonian that can properly describe the isotropic exchange and magnetic dipolar interactions
between a Mn-tetramer with total spin S;=1/2 and its ligand radical with spin S,=1/2, i.e., J128{°S; and S; ' Dy5"S,,
respectively, has been quantum-mechanically derived to elucidate the origin of a new type of EPR signals from the
modified-S; (S3') state of Ca2*-depleted photosysten II (PS II) membranes. This signal, called "Sj' signal”, is centered at
£=2.004 and notably consists of 2 main doublet component having a near-symmetric lineshape with the linewidth of 100-

200 G and a secondary wing component asymmetrically extending over = 910 G without any hyperfine structure. From
results of computer simulation of the S’ signal, combined with the pulsed EPR data, it follows: (1) the Mny-radical

complexes in the S3' state must be highly inhomogeneous; (2) the majority (= 77 %) would be EPR-silent possibly
because of no detectable magnetic moment due to J, » kgT (temperature), and (3) the minority would exhibit an EPR
signal mainly contributing to the doublet (= 15 %) or wing (= 8 %) component in the S3' signal according as 1J 5! = 100-
200 G or 1J},l » 100-200 G (together with an additional condition, J;, < kgT, when J;, > 0), respectively, indicating (4)
the radical could be neither an oxidized histidine [Boussac et al. (1990) Nature 347,303-306] nor tyrosine Y,*[Hallahan
et a1.(1992) Biochemistry 31, 4562-4573] but some bridging ligand; (5) the doublet component can arise only from the
weakly-coupled Mng-radical complexes satisfying the conditions for a small near-isotropic interaction { [J;,f = 100-200
G » IDq4)) and having the tetrameric effective Mn-spins with appreciable hyperfine coupling constants, indicating (6) the
radical must form the third asymmetrically-bridging ligand between di(p-oxo) bridged Mn,(IIT) and Mny(IV) ions on the
opposite side of the other pair of Mn (1V) and Mny(I1V) ions in an asymmetric Mn-tetramer whose spin state is
approximately given by y(1/2M)=cos8!S(1/2)S4(0)S 1 (1/2)M> + sinBplS ,(1/2)S4(1)S1(1/2)M> with 0y=-62° ~ -
65°, and (7) the radical takes the g-value of ca. 2.011, which is much larger than the free electron g-value (g,=2.0023),
nearly equal to that of OH(=2.011) and slightly less than that of O, (=2.015), indicative of an oxygen-rich moiety

rather than an aromatic amino acid. These findings, together with the reported stoichiometry of protons released during

the normal S-state cycle, evidently suggest that the radical as the primary water-oxidation product would be most likely
(HO)}HO") or (HOOH )", being bound on the catalytic microsurface of the di(1-oxo)Mn,(IILIV) subunit in both the

normal and the modified S states.
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Oxygen Evolution

of light-driven water oxidation in plant photosystemn 11
(PSII). The Oy-evolving complex (OEC)

1. Introduction

Manganese and calcium are vital cofactors for the
photosynthetic O, evolution that takes place as a result * BRAFETERYEEH
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phenomenologically cycles through five redox states,
denoted as S, (i=0, 1,, 4), depending upon the number of
electrons abstracted from the reaction center P680*:
only S, is stable in the dark and S; represents a transient
state just before emitting O, during the S3—(S4)—S
transition[1] The stoichiometry of four protons
released from the enzyme-substrate (water) complex
during an S-state cycle is thought to be most likely
1:0:1:2 on the Sg—S; : $;8; : $;53 : §3(S4)—>S,
transitions, although the other possibility can not be
ruled out. The active site of this enzyme has been
recently evidenced to contain four manganese and one
calcium ions forming an exchange-coupled Mn-tetramer
(Mn)[2,3], with the Ca?* ion being bound nearby[4].
The molecular and submolecular structure of the Mn,
complex and whether it accumulates all four oxidizing
equivalents before water-oxidation in response to the
four successive charge-separations, has been a subject
of vigorous debate (see the most recent comprehensive
reviews[5]) .

Since a paramagnetic 5>Mn ion has a nuclear
spin I=5/2 strongly interacting with the electronic spin,
the low-temperature EPR spectroscopy can provide a
unique and direct method to investigate not only the
molecular structure of the Mn cluster but also the roles
of four Mn ions in storing the oxidizing equivalents and
serving as the catalytic site of water decomposition.
Below 35 K, Dismukes and Siderer[6] first discovered a
broad EPR signal, named "multiline signal" because of
its containing 18-20 hyperfine lines spaced by 85-90 G
around g=2.0 at X-band frequéncy, and ascribed it to an
S=1/2 Mn-dimer or Mn-tetramer in the S, state. It is
generally agreed that the multiline signal arises from an
S=1/2 ground state of a tetranuclear Mn,(IILIILIILIV)
or Mny(INLIV,IV,IV) cluster{5]. When the PS II
membranes are depleted of one Ca2* ion per PS II by
low-pH treatment and then are illuminated, an altered
multiline EPR signal with = 26 hyperfine lines spaced by
55-65 G, which is rather stable in darkness, appears,
indicating that the S, state Mn-cluster can persist in a
modified form in the absence of the Ca2* cofactor[7-9] .

A variety of altered multiline signals were reported: e.g.
treatment with NHj yielded a signal having more lines

(21-22 vs 18-20) and smaller hyperfine splittings (67.5 G
vs 87.5 G) than the unmodified signal[10]. Such
remarkable sensitivity on sample treatment was
attributed to a sensitivity of the effective hyperfine
coupling constants on small change of the exchange
interactions within the cluster [2,11]. The proper
quantum theory[2] revealed that the most probable
cluster configuration responsible for the multiline signal
would be a tetranuclear Mny(IILIV,IV,IV) complex
involving a strong antiferromagnetic exchange
interaction between Mn,(I1T) and Mny(IV) ions ( J,S,"
Sp; Jap= 200-300 cm!) and the other intermediate or
weak ones ( J;;S;-§;; j;] « Iy, for ij#ab).This assignment
to the higher-valent state agrees with recent refined
analyses of the Mn pre-K-edge XANES(X-ray
Absorption Near Edge Structure) [12] and principal
XANES [4] spectra. The Requirement of only one 2.7 A
Mn-Mn interaction present in the tetramer, however,
seems to be contradictory to the EXAFS (Extended X-
ray Absorption Fine Structure ) data[4].

A second broad EPR signal was soon found to
appear at around g=4.1-4.2 in a different S, state
[13,14]. This "g=4" signal was found to be modified by
treatment with NH4C1 [15], but to disappear by Ca?*-
depletion. The NH;-modified g=4 signals from oriented
PSII membranes, which exhibit at least 16 partially
resolved hyperfine lines spaced by 36 G [15], were well
simulated based on the assumption that it would arise
from a middle Kramers doublet of the lowest S=5/2 state
of a Mng(IILIV,IV,IV) tetramer different from that
mentioned above[l1], substantiating a recent
proposal[16]. Consistent with this theory, a strong
experimental evidence for the heterogeneity of
paramagnetic species has been provided by interesting
correlation between the multiline and g=4 signals [17,18].

Any broad EPR signal due to S3 has been sought
in vain. Nevertheless, a new EPR signal arising from a
formal S state has been reported in Ca?*-depleted{7-9],
NH;-treated[19]  and acetate-treated{20] PSIL. This Sy’
signal has the folowing characteristics: (i) It is centered
at g=2.004; (ii) the spectrum has a complex structure
mainly consisting of a narrow doublet with a near-
symmetric linewidth and a 100-240 G linewidth, which

( 52 )
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sensitively depends upon sample treatments, and a pair
of broad wings asymmetrically extending over the range
2950-3860 G at an X-band frequency[19]; (iii) the
intensity obeys the Curie law on the temperature
dependence[21]; and (iv) its integrated signal area is only
23% of that of the S, multiline signal [22].

Boussac et al.[23] explained the doublet
component of the S5’ signal by assuming that the
S,"—385’ transition occurring in CaZ*-depleted PSII
corresponds to the oxidation of histidine capable of
magnetically interacting with the S;=1/2 Mn cluster in
the S’ state. This explanation is mainly based on the
observations that the optical absorption difference
spectrum between S; and S is similar to an absorption
spectrum of [His-OH]* radical[24], and that the
XANES spectra observed in the S, and S3 (65%8S3,
35%$,) states[25] are indistinguishable. An alternative
origin of the Sy' signal was recently proposed by
Hallahan et al.[26] to be a trapped tyrosine Y,*- instead
of His-, although the experimental data were pointed out

to be artifactual due to the use of saturating microwave
powers [27]. These models, however, contradict recent
measurements of laser-flash induced XANES spectra
from both the control [28] and the Ca®*-depleted [29]
PS 11, indicating that a Mn(1I[) or Mn(I1V) ion or its
direct ligand was oxidized upon the S5(S;")—>85(S3")
transition. Furthermore, any model of photooxidation of
a particular protein residue has a serious difficulty in
explaining why the normal S5 state can not show such a
characteristic EPR signal centered at g=2.

In this paper, it will be shown that the S3' signal
can be regarded as the first experimental evidence of a

primary water oxidation process taking place upon the
S»—8; transition. We first derive an effective spin

hamiltonian for a paramagpetic Mny-radical complex

which is assumed to consist of coupled half spins of the
Mn,(I1ILIV,IV,IV)-tetramer (S;=1/2) and the ligand
radical (S,=1/2). Next, we determine the singlet-triplet
energy levels and the EPR transition probabilities, by
invoking the second order perturbation theory. Next, we
examine what model Mng-radical complexes can exhibit

a 90-240 Gauss-wide doublet spectrum indicative of a
very weak magnetic interaction between the S| and S,

53

spins, by adopting the most probable model complex
whose spin state vector can be expanded as described in

the above abstract. As for this model complex, we
investigate some critical roles of the phase angle 6y on

the S3' EPR signal, involving three important effects of
() a "magic phase angle" where a pair of Mn spins
effectvely vanish, (ii) the effective exchange interaction
¥, and (iii) the magnetic dipolar interaction D,
between Sy and S,, and simulate a reported S;' signal
{23] together with predictions of the orientation
dependence and the H/D isotope effect, by assuming an
inhomogeneous Jy,-distribution. Finally, we discuss and
summarize some reasons why the radical may be
exclusively assigned to (HOOH -)-, which is predicted to
be bound as the third bridging ligand between di(u-ox0)
bridged Mn(1II) and Mn(1V) ions.

2. The Spin Hamiltonians

In both the S3 and the S3' states, the paramagnetic

center is assdmed' to consist of four exchange-coupled
Mn spins in the catalytic Mn tetramer (8;, i=a, b, c, d)
and one radical spin nearby (S5). Its total spin

hamiltonian in a magnetic field B can be written as

Hyo = Hpmp + Hg +Hjpy, (1)
d
Hma = 2358 -Sj + ZBS; -a; - I;
i>j dn—a @
+zSi 'Dij Sj + ESI . Di 'Si,
i>j i=a
Hg =[Sy 82 -B+XS;-ag Iy, 3)
K
d
Hip = 2(i28;- 83 +8;-Dip - $3), “)

1=a

where the various terms represent the isotropic exchange
(J;8;* S;), electronic Zeeman (BS;-g; B), nuclear

hyperfine (S;*a;" L), crystal field (S;-D;*S;) and
magnetic dipolar plus anisotropic exchange (§;* Dj;"S;)
interactions. The constants involved here have all their
usual meanings. In the expression of Hyy,,, we imply that
the Jj; values in the S;-state would be different from
those in the S,-state owing to a further distortion of the
Mn tetramer upon the S,—S;3 transition. However, this

difference may not be large enough to destabilize the
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singlet ground state, because (1) the doublet component
also obeys the Curie law{21] and (2) the spin-lattice
relaxation times of the Yp* EPR signal due to the
paramagnetic Mn spins were essentially the same in the
S, and Sj states[30]. Hence, the spin state vector of the
Mhn-tetramer in Sj is in the zeroth approximation given
by the S;=1/2 ground state of the exchange hamiltonian
in Hyy,, and can be expanded as

1 - ;1
¥ (EM) =CO0s 90' Sab (E)Scd (O)Sl (l)M)
2 5)
+sin 90 I Sab (%)Scd { l)sl (‘;‘)M),

with

an20g = ——P10t=_ ©6)
’ cd ™ J +
under the ground state condition J.tan0g < 0, where
12T, 4 ,4-Opetdpg)/2 and p1o={V(5/3) for Model I:
Mn,(IILIV,IV,IV); V(8/3) for Model II:
Mn(TILIV,IILIII)}[2]. Namely, the S;-state Mn cluster
can be regarded as a singlet-triplet mixing system
consisting of the Mn-tetramer with spin
S1=IS,+Sp+S +S41=1/2 and a radical with spin S;=1/2.
Then, the effective spin hamiltonian can be readily
derived by a vector projection method based on the
Wigner-Eckart theorem [31}:

* d .
H ={BS|-91-B+SI-.ZPiai-|i]
i=a

+HBS,-g,-B+S, -%ak b D
+JI2SISZ+SID‘2829
with
d
g = XPg;, (8)
1=a
| 1 S.-S
P, = (Y, (=M)IPIy,(=M)); L = —L 1
] (W;(z ),‘Ill(2 DI 5 5,65, +1) 9
d
Jia=ZPRJp, (10)
1=a
d
Dy = ZPD;y, (11)
1=a

Here, it should be noted that the zero-field splitting
terms other than Dy, (i=a-d) exactly vanish because of

$1=8,=1/2 < 1. Thus, we find that both the isotropic
(J12) and the anisotropic (Dy,) interactions between two
half spins strongly depend on the radical binding site and
also on the conformational state of the Mn tetramer, via
{P, Jio, Dip}.

The essential role of the off-diagonal matrix
elements of projection operators {Pi } on the effective
spin hamiltonian was first demonstrated in ref 2. In
Appendix A, we give general formulae to analytically
calculate the matrix elements of { Pi ; i=a-d}. Applying
them to the present system (S,=2, $;,=S:=54=3/2 ) yields

P,(8g) = 2P, (8p) = %(1 +2cos 26p),

1
Pc(90)=§(l—cos 26) + pyg sin 20y, (12a-d)

1
Pd(eo) = 5(] —COS 290) —Pio sin 290

The Py(8) vs 6 relations (i=a-d), which are plotted in
Fig.1, significantly display that both P,(6g) and Py(8y),
hence the effective spins of Mny(III) and Mny(1V) ions,
vanish at 6p= + 60° , and P(6g) and P4(8g), hence the
effective spins of Mn (1V) and Mny(IV) ions, do at
0,=0°. Since a radical directly bound to the ith Mn ion is
usually considered to introduce strong interactions
between them, J;; and Dy,, the possibility that the
effective interactions, J;;P;(8p) and D;3P;(6¢), could
almost diminish at some conformational substate of the

Mn cluster is exactly consistent with the fact that the
normal S3-state does not show any EPR signal, while
sofne modified S3'-state does the narrow doublet EPR
signal with the separation of 100-200 G, indicative of a
dramatic decrease of the effective interactions. This
decrease is expected to be of 2-3 orders of magnitude in
the present hypothesis. Namely, a reason why the normal
S3-state is EPR-silent may be that it could be in the
singlet ground state due to the antiferromagnetic
exchange interaction J;, much larger than kT. For the
S3' state to exhibit such a narrow doublet signal, D,

must also dramatically decrease in the order of

- magnitude at least to the same level as J|, . Since the

dipolar interaction has the long range nature, this

( 54 )
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condition imposes some useful restrictions to the
possible models of Mn cluster, as will be shown later.

Usually, D;, consists of two contributions from
the dipolar and pseudo-dipolar (anisotropic exchange)
interactions between the ith Mn and radical spins. The
former may be treated in the point-dipole approximation
and takes the magnitude of the order of 6Bgy/r;,> at
separation rj;: the typical value is 0.3 c™l(= 3210 G) at
=2 A, because By=0.4330 cm(=4637 G). On the
other hand, the latter is known to arise from a combined
effect of the spin-orbit coupling Hy g; = A;L;* S; for the
ith Mn ion and the anisotropic exchange coupling
between the Ma and radical spins. A simple formula, &
- 2)2J;>*,(32] has been widely adopted to make the
order-of-magnitude estimation. Since g-ilalues of Mn
spins have been observed to be, typically, {g=1.993,
g)=1.963} for Mn(IIl) ion [33] and {g=2.000,
g11=1.995} for Mn(1V) ion [34], if this formula is
appropriate, the pseudo-dipolar term might be neglected
in the case of Mn(IV) ion, but not in the case of Mn(IIl)
ion, because in which Dpy could amount to 0.13 cm! at
2;=gl1=1.963 by assuming an overestimated value of
Jiz* = 100 cm! (see Section 3). However, we have
shown in Appendix B that this formula overestimates the
Dpq by a factor 82x5/2=160, and hence this pseudo-

dipolar term may be neglected in the present problem.
Thus, one may assume that Dy, takes the form:

DlZ _B2 Z [9192 3(91 121.)("1292)]]) (90) (13)
i=a 12 i2

where subscript t represents the matrix transpose
operation, and rj is the coordinate vector of the ith Mn

jon relative to the center of the radical spin. Let us put
the principal axes of tensor Dy; to be X, Y and Z and

assume for simplicity all the g;-tensors in eq 13 to be

isotropic. Then, in the XYZ coordinate system, we have

E;y-Dyy /3 0 0
Dy = 0 —E;p-Dpp/3 0}
0 0 2Dy, /3

(14)

with
3
D12(80)= 5 DfY
(15)
3 - AAC
= Egzﬁz ) —(—O)(l 3c0s%0;5),
1=a '
and
1
Dy5(8y) = —(Df(zx -DyY)
=— 62 hégglsmz()iz c0s20;,,
T2 :
(16)

where a set of polar angles {0;,, §;5; i=a-d} must satisfy

the following relations:

XY
D2 -Dlz =

17
ﬁ Z 8i ,(90)sm29.2sm2¢,2—0 ( ¥

i=a fiz

Di(zy _ DZY -
2
and
D{‘Z = D,Z2x ~
= i

3. Energy Levels and Transition Probabilities

In order to simplify the present eigen value-eigen
vector problem for the effective spin hamiltonian H of
eq 7, which contains a number of non-collinear g, g, a;
(i=a-d), a; (k=e,..) and D, tensors, we assume that the
anisotropy of the Dy, tensor predominates over the
others which will be neglected except their possible
contributions to the Gaussian line broadening. When a
high magnetic field B is applied in a direction with polar
angles (9, ¢) in the XYZ coordinate system, it provides
the best quantization axis ("z-axis") not only for the
electronic spins 81 and S, yielding the respective -
Zeeman energy terms, BgBS;, and BgyBS;,, but also for
the nuclear spins [; (i=a-d) and k (k=e,...), doing the .
respective hyperfine splitting terms dominated by

{ 55 )
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d
ZPi(BO)aiSizliz and ZakSkzlkz .
k=e

1=a

This new xyz-coordinate system corresponds to the
laboratory frame, in which the principal X, Y, and Z axes
have the direction cosines forming a uhitary
transformation matrix U: a convenient choice is

sing, cosOsin®, sinOcosO
U=|-co0s6, cosBsin¢, sinBsind
0, —sin 0, cosP

(note that the x-axis lies in the principal XY-plane). Then,
the transformed matrix U'D;,U can be readily calculated,

yielding a dipolar interaction hamiltonian

1 .
HD = A(e,‘p){slzsh _Z(SHSZ— + SI—SZ+)}+ HD ’

(18)
with
A(8,0) = Dyy(cos 29—%) +Ejosin 20cos2, (19)

' and

Hp =E;,sin®sin 2¢(S1,S2; +S1;52x)

| .
+E(E12 COs 2¢ - Dlz)sln 26(51),322 + S]ZSZy)

—%[{E12 cos2¢(1 +cos?0) + Dy, sin20
+2iE}, sin2¢cos8}S,, 8,5, +h.c.],

(20)
where S;,=Sjx+iS;y (j=1,2) and h.c. stands for hermitian
conjugate. In eq 18, the first term represents the
important conservative motion of an electronic total spin
{AM=0), while the second (Hp)' ) does a non-
conservative one with AM=#1 or +2, which will be
later found to be negligible. On the other hand, the
motions of the nuclear spins are individually conservative,
i.e. Am=0 (i=a-d) and Amp=0 (k=e,..), in the first
order approximation of each hyperfine coupling term.

Thus, the energy levels designated by a set of nuclear -

spin quantum numbers, {my=-5/2, - - *, 5/2 for 3*Mn}
and {mg=-I;, ‘-, Iy for nuclear spins in the radical},
can be obtained by diagonalizing the zeroth order spin

hamiltonian:

Ho({m;}) =[Bg;B + 2h,({m; IS,
+[Bga B+ 2hy({my ))IS2,
+{J12 + A(0,9)]S;,S,,

1.
+Z{ZJ'2 —A(8,9)}(514S2_ +85,_5,,),

(21)
with
1 d
hy({mg;}) == X Pajmy;, (22)
2 i=a
H
hy({mg})=— Xajmy. 23)
2 k=e
The eigenvectors take the form
@) = a(mB(2), |
|®,) = cos@a(1)B(2) + sinOB(1ex(1),
(24a-d)
|3} = —sin ©@oy(1)B(2) + cosOB(Dx(2),
|®4) =BMB(2),
and the corresponding eigenvalues are given by
El = BB(gl + g2)/2 + h] + h2 + (J12 + A)/4,
E2 = —(.'12 + A)/4 + C,
E3 = —(.'12 + A)/4 -C,
E4 =—BB(gl+g2)/2—h;—hy + (J}5 + A)/4,
(25a-d)
with
@:Tan_llzc—ﬁB(gl _821)—2(111 _h2)], (26)

jip—- A
2 5

1 1 A
C=ﬁ§BB(g| —g2)+hy —hy)? +z(112 —‘2—)2-

e

When an oscillatory magnetic field B,, at frequency v is
applied along a direction perpendicular to B, the
perturbation hamiltonian to induce the transitions is

given by

1 —27iv
H'(t):EBVB[(gISH + 8,8y, )72 08

+Hg;S\_ + £25,-)e*™1.

( 56 )
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The selection rule AM=+1 picks up four possible
transitions; 3— 1, 492, 2—1 and 43, with the
relative intensities given by (g;cos©-g,sin®)?,
(g1cos@+g,sin@)2, (grcosO+gsin©)? and (grc0sO-
g15in@)2, respectively, and with the resonance magnetic
fields:

X ; ; 2.5 2
B3l=B _Bint.}—'ﬁ(B—“‘-Bint—) +BinlO]’

B42_B +B|m+ J[(B "Bmt ) +Bmt0]’

B'z‘ = B+ - Bim,+ + ﬁ(B— + Biﬁl,—) + Binl,O]’
(29a-d)
By =B, +Bjy . + J[ (B_- Bing,— )+ B.int,(z)]’

respectively, where

vl )y (fuyhay

= (30a/b)

2|3 81 g B B
Binit = 4[5 " 2(11 2 +A), (31alc)
(31b)

I
Bino = ———(l13 ——A).
ST W 2

In this approximation, the EPR signal must be symmetric
contrary to the observation showing a small asymmetry.
One can attribute this asymmetry mainly to the off-
diagonal components of the strong hyperfine couplings
between manganese electronic and nuclear spins. In the
second order perturbation theory, this effect appears as

the shifts of energy levels:

(Pa)

AE;({mn})—Z v — (I + 1) — my(my; + D},

i=a
AE,({my}) = cos20AE ({my}),
AE3({mh}) = cos2G)AE4({m“}),
d (Piai)2

AE4({mg)=-X

Z iy {1+ 1) - m(my — D},

(32a-d)

which in turn lead to the shifts of resonance magnetic
fields: By; ~ Bj; - (AE;-AE;)/2P. Finally, we must check
the effect of Hp' of eq 20 on orientation-dependent level
shifts. In the case of axial symmetry (E{,=0), we have

AE,'=-AE’= (D},%/32hv)(1+c0s°0) sin?8 and
AEy'=AE;'=0 (all the energy denominators are
approximated by hv): At 8=45°, the shifts are estimated
to be less than 1 G when ID)5l < 300 G at X-band
frequency. Hence, we can safely neglect it.
It would be instructive to consider two limiting

sitvations:
(1) The weak coupling limit: I3 -0, A =0

_ In this limit, the EPR absorptions by spins, S, and
S5, must be independent. In fact, with © defined by eq
26 using Tan™! (-r/2 < © < n/2), the four transitions
become separable into two groups belonging to Sy and
S,: e. g. in the case of gy=g,, the S| / S, groups are .
described by a couple of resonance fields: (B3, By3) /
(B, Byy) with ©=0 for h; > hy , and (B,|, B4;) / (B3,
By43) with ©=1t/2 or -n/2 (according as J;5-A/2 >0 or
<0) for h < hy, respectively.
(ii) The strong exchange coupling limit: 1J15l >> Al Ig;-
glhv, Ihyl, and  Ihyl

In this limit, the spin system splits into singlet and

triplet levels and the EPR-susceptible triplet levels
become (1,2,4) with O=rt/4 or (1,3,4) with O=-1t/4
according as J;5 > 0 or J;, <0, resulting in the

asymptotic forms of the resonance rﬁagnetic fields:

_(g1+gx)hv_2(hy +hy) - 3A

By, /Bs,
21/Bat ZBg1g2 B(g;+g2) 8
5 (33a/b)
hy o2 A
+ {( -——= }
|J|2 g 8
and
(gl +g2)hv 2(hl +h2) 3
B4 /B +—
2/Ba3 = Mgig,  Ble +gy) 8
9 b A2 (33c/d)
b hp A

|~'12| g & 64

Notably, the fact that the effective hyperfine coupling
fields of the second terms in egs 33a-d are an arithmetic
average of hy/P and hy/P represents a phenomenon of
exchange narrowing [35]. Evidently, this limiting
behavior coincides with the observed wings spreading
over about a half range of the multiline signal. Then, the
intensity of the EPR signal may depend on temperature
T in proportion to the Boltzmann distribution function,
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[1+exp(J;2/2kgT)]"!, which tends to 1 when -J;5 >> kgT,
and O when J, >> kgT. But, we remark that even at
helium temperature kgT may be still much larger than

the J;, in this limit, resulting in a temperature-

independent EPR signal.

4. The Effective Spin-Spin Interactions: J;; and Dy,

Both the exchange (J4,) and the magnetic dipolar
(D) interactions between the S1=1/2 Mn-tetramer and
its ligand radical can dramatically change depending
upon the structural and electronic states of the Mn
cluster. The flexibility of these spin-spin interactions
mainly arises from the exchange interactions between
Mn and radical spins, which are defined by (see
Appendix B)

2 23; *
Jig=— dr Jdr,d f
i2 251+1kz='|f i Jdndiwo ()

(34)

2
K1) i ()
I -y

{i=a-d), in which the second term represents all the
possible supérexchangcs or "kinetic exchanges" [35], as
well as the weak or intermediate superexchange
interactions within the Mn-tetramer {J;;, ij # ab}.

Firstly, we consider the “direct” or “potential”
exchange term in eq 34: When drthogonal orbitals are
assumed between an unpaired electron of the radical
(¥,) and the 3d-electrons of the ith Mn ion (dy; k=1,
2,...,28;), each integral in eq 34, which is necessarily
negative (ferro) because it is the self-energy of the
(complex) charge distribution dy,* ¥5(r) (= dy " (r)¥,(r))
[35], can be reasonably estimated to be g,,>UC, =
1x10%;,% cm’!, where g, is a coefficient in the
expansion dy=d @ - g,,¥, + *++, U the interatomic
Coulomb repulsion (= 13 eV) and Cy, a reduction factor
due to the Mac-Weeny's theorem for the exchange
integral (= 10°1){35], so that we obtain

2,
J,=—2-10% "2, (cm ™!
2 | 2Si+lk§l k2(cm™)

+ superexchange terms; (35)

Nal4 (1996)

since a predominant €, is likely of order 0.1 to 0.2, the

first term is expected to be of order - 40 to -160 cm™! for
Mn(I1I) and -50 to -200 cm! for Mn(IV) ion. This
estimation only gives the upper limit of ferromagnetic
exchange interaction. In reality, however, some
antiferromagnetic superexchange bipaths must be
available, so that the effective J;» may be substantially

reduced and even overshoot to weak-antiferromagnetism
(e.g.-20 cem! < Ji» <20 cmY). Thus, we find that the

J;» must be quite sensitive to a modification of ¥, due to

the change of surrounding electrostatic field as well as a
conformational change of ligand coordination.

Based on these findigs, we propose that the
normal Sz-state would be EPR-silent because of its being

in the singlet ground state with J 12 » kgT, while the
modified S3'-state would be inhomogeneous, involving at
least three forms of the Mn clusters:  form1 and
form 2 specified by 1J;,l = 100-200 G and 100-200 G «
1J12) « kgT, respectively, which would be minor
components responsible for the doublet and wings in the
S5’ signal, respectively, and from 3 with Jj » kgT,
which would be a major EPR-silent component, as was
evidenced by the recent pulsed EPR experiment [22].
On the other hand, the magnetic dipolar
interaction D;, can take a magnitude ranging from 3210
Gatryp= 2Ato 118 G at 1, = 6A. Since the doublet
component indicates that the anisotropic interaction D,

maust be as small as or less than the isotropic interaction
1§15l = 100-200 G, the Mn cluster 1 must be in a

“conformational substate (CS)" with a set of
superexchange interactions {J;;} yielding a pair of
vanishingly small effective Mn spins, either {P,S),
PpS1} at Oy = + 60° or {P.S,, P4S;} at Oy = 0° (see Fig.
1), to which the radical is directly bound at a site giving
rise to no large residual anisotropy compared with the
Jj2. In the case of distorted trapezoid Mn-tetramers

( which may be in general non-planar ), which covers a
large body of the Mn tetramers other than compact
cubanes, there would be only two possible sites as
depicted in Fig. 2 A and B, because the other binding
sites must be accompanied by too large Dy, of order

" 300-700 G mainly because of their shorter distances to

the nearest Mn ion in another Mn pair: In model A, the
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radical constitutes the third bridge ligand between di(j-
o0xo) bridged Mn(III) and Mn(1V) ions, and, in model B,
it does some bridge ligand between the other Mn ions.

Model A :
i) The effective exchange interaction J 15

This is defined by eq 10 with eqs 13a-d and can be
expanded around 9y==+ 60° as a linear function of 6y:

Jip = 13,/[(1 ~)2+E10, - 0{)=12A8,, (36)
with
| PSS P —i(zJa2 —Jb2)+—l—(J 5, +J4)
V3 v3©
B3poUJca —Ja2)-

Jo+1] ,
gE_CZ._ﬁ, (38)
NaH

(37

nsipm(chA‘sz)’ (38)
Jo
and
3
e?=t§+%§ﬂ—n— (1-1*+&),
' (39)

4B Jeatta

3 82T, —Yy2)
Thus, we find that J;, vanishes at 83=6)", which will be
called " a magic phase angle ". 8y must be close to +

60° because, usually, J.o «2J,0-Jpol and Jgo « 12) -T2l

2 1 PR S | PRI DSOS W 1 4 a0« 4 1
Pﬂ
g 1 n
E ] 4P,
s
g Py t
g 1 , i
e
\Pb
24— ————T——
-90 -60 3 60 90

' -:;0 o 0 I 0

Phase Angle,8y(deg)

Fig.1 EPR hyperfine projection factors vs the phase
angle B representing a spin-hybridization between
S.4=0 and S.4=1 composite spih eigenvectors, in a
Mn(IILIV,IV,IV) complex with the other
composite spin Sy,=1/2 fixed to give a total spin
Si=1/2.

but its deviation from +60° would be by no means
negligible because, for instance, it amounts to 2.7° even
for € =-0.1 and n =0.0. The present theory has the great
advantage of the flexibility of parameter 12J,5-Jpl, which
can take the value of order ranging from 1 cm’! to 100
cm’!, depending on how the molecular orbital of the

radical spin is extended along the bridge. The other
flexible parameter is A8y = g - 8™, which is a sensitve

function of all the exchange interactions, {J;;} and {J;2},
and can take any value if the Mn cluster is appropriately
modified. For instance, we can reasonably imagine that
the values of JOA and A8 are of order, 1 cm! and
+0.5°, +10 cm! and £10°, and 100 cm! and +10° in the
Mn,-radical complex in form 1, 2, and 3, respectively. In
Fig. 3, we plot the J;, vs A8 relations for some
reasonable values of JA. A remarkable reduction of the
effective interaction should be noted: e.g. J;, =0.015
cm! (experimental) is obtained from JA=1 cm™! by
assuming A8y=0.9°, which is likely enough to happen.

.Next, we ask what conformational change has
occurred in the Mn-radical complex 1. In Ca2+-depleted
PSI1 membranes, a change of the phase angle 6; from ca.
-45° (this choice of branch corresponds to the case of J.
> 0 in the ground state) to ca. -60° upon the Sy’ — S3'

transition is found from eq 6 to be equivalent to a change

Sal
@

’
‘
1]
]
¢
]
U

SQ=1/2

52=1/2

Illllllllll‘iu”ltlil"l T

i

.
.
3
1
[3
.

cnso="

A B

Fig.2 Two possible ligation models A and B of an
unknown radical whose spin S,=1/2 can very weakly

interact with a spin S;=1/2 of the Mny(IILIV,IV,IV)
tetramer, defined in Fig.1 legend, at 8y = + 60° (A)
or = §°(B).
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Fig.3 The effective exchange interaction Jj; as a
function of ABq = 8y-8”, showing a remarkable

reduction from the native one (JA) which can take a
value of order 1 cm™! when 2J,7 and Jy,; largely

cancel out.

Model A

Nol4 (1996)

to
Jog =3, +45)_
={1-5}(J, —0.53,.)
+(W5 +1)(J,4 —0.58,4 ) ; in the Sy'-state,

with the ground-state condition: J,c + 0.5Jpq > Jog +
0.5Jc and Jo' + 0.5Jp4' > Jog' + 0.5)y". If the Mn
tetramer takes a form of the distorted trapezoid (Jo4 =
Jog' = 0 and Ji. = Iy’ = 0), these relations reduce to J¢q -
T 0.5 Jpqin So'and J g’ = -1.24J,.' -1.62 Jp4' in S5,
indicating that a significant conformational change must
occur upon the Sy’ — S5’ transition. If the Mn cluster
takes another possible form of trimer plus monomer wit
Jaa= Jpa = 0, these relations reduce to Jog = J5-0.58y >
0in Sy’ and Jog' = -1.24( J,-0.50' ) <0 in S3',
indicating that J 4 must change from antiferromagnatic

to ferromagnetic upon this transition.

ii) The magnetic dipolar interaction: D

Boussac et al.[23] observed that the doublet
lineshape of the S;' signal is significantly close to

symmetric, and were obliged to assume that the dipole-

X A

N G L PN
Xm 3=

m .

N
‘e N
5\1---- S i

" Model B

Fig.4 Definition of eight structural parameters in two possible models A and B of the Mn,(IILIV,IV,IV)-radical

complex which is assumed to be planar, for simplicity. Each model is subdevided into several plausible submodels
defined in Table 1. '
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dipole interaction would result in only a broadening
rather than a splitting of the radical signal. The fact that
the splitting is a result of a correlated motion of the two
half spins indicates that the assumption mentioned above

would be valid only when the dipole-dipole interaction
D5 is smaller than the isotropic exchange interaction

11> . Therefore, the D tensor should play another key
role on the structure study of the Mny-radical complex 1
in the S3'-state.

In order to demonstrate how the ZFS parameters
Dy, and E,, approach zero around 8, = -60°, we would
adopt a planar trapezoid structure for the
Mn,(IILIV.IV.IV) tetramer as illustrated in Fig. 4,
where a radical, (HOOH ), is assumed to be the most

probable bridging ligand, which will be justified later,

400 /.ﬁ r——rry 100
200 = v (1]
e —A\f/ B
l-l-l: 0 60 :?;
:,-zob -t 40 -
a -400 / \\ 3 \ 20
46 50 55 60 €5 70 7B
400 e . 100
[ et ]
g 200 b S_ , )-I 00
R s ; o0 ©
" -200 / \<": 0 ~
® ol IRVAN)
-400 |- / / . 1 20
w00 N N °

D,, +§ (@

and the principal XYZ axes are related to the molecular
XmYZ,, axes by a rotation ¢ around the common Y -axis,

with the X-axis taken along the Mny,(IV)—Mn,(11I)
direction. Also, we define eight structural parameters:
{Rj;: ij=ab, ac, bd, cd}, p, q, o) and 0. Here, we would
consider only two possible submodels; Al being
symmetric and compact, and A2 being asymmetric and
loose (a dimer-of-dimers model cannot belong to model
A, but to model B), and, in each submodel, we would
have three possible radical binding sites whose structural

parameters are defined in Table 1. For these six-
submodels of model A, the calculated Dy, vs 8 (thick

solid line), E(4 vs 0 (thick dotted line) and @ vs g (thin
solid line) relations are plotted in Fig. 5, a through f. It
should be noted that ¢ has been limited in the range, 0

71— . , 190
200 d \ et 80

° €0 9
-200 £ “w O
400 ‘1 \ }k\ 20

-0,(°) .
400 T —rrryrrrrp 100
g’: 200 e \ j 3'0‘
wh 0 "/"\\ : 80 8
.: -200 b\ 40 J
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c =9,(°) -0,(°)
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' o G f | 80
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v,, ) ,j e 60 6 N -200 fr /-' /] ] 80 6
o° - o ~ “ p >
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Fig.5 The magnetic dipolar interaction Dy, as a tensor function of 8y involving the Dy, vs 0(thick solid line), E;5 vs
6 (dashed line) and @ vs 8 (thin solid line) relations in possible submodels of model A: (a) Ala, (b) Alb, (c) Alc,
(d) A2a, (¢) A2b and (f) A2¢ (see Table 1). - ' :
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< ¢ £ 7/2, so that E;, may change the sign when ¢
crosses over either boundary of ¢=0 or ¢=n/2. It
follows; (1) The Dy, vs 6 relation is an almost straight
line which intersects the D,=0 axis at 8y =0p near -60°
and yields the Dl value less than 50 G in the the range,
18g - Opl < ABp, depending upon the cluster
conformation and the center of radical spin. The values
of Bp and ABp are tabulated in Table 1. The narrower
the range of this small ID;5 is, the lower the probability
of such a Mn-radical complex is. Furthermore, the magic
phase angle 9;*, which is expected to be at most + 6°
apart from -60°, must lie in this range of 8¢. Therefore,
from the standpoints of Dy, and 8, we conclude that
the most probable Mny-radical complex would be
submodel A2¢, which binds the radical at the Mngy(IV)
site, as depicted in Fig.4A. (2) The rhombic component
E, takes a local maximum at slightly above -60° and, if
the local maximum value is larger than -50 G, there must
appear some ranges of 6 defined by 18g - Ogl < AOg in
which E,, takes the magnitude less than 50 G, as given
in Table 1. As far as this E,, is concerned, submodel
A2c would be most likely because it shows much larger
AOg (=2.9°) than the other models (0.25°-0.6°). (3)
Significantly, these regions of 6 giving rise to the small
anisotropic interactions show a rather large overlap in
the range, 60.7° < -8, < 64.0°, which significantly
coincides with the possible range of 8, estimated from

Nal4 (1996)

eq 40 with usual conditions 0 < Jop + Jg2 « 2132 - Jp .
Also, it should be noted that only this radical binding site
can be consistent with a small JA|, Therefore, we
conclude that the Mn tetramer may consist of a di (u-
0x0) Mn, (IILIV) dimeric subunit and the other two
monomeric Mn(IV) ions that are somewhat loosely and

asymmetrically organized, and also, the radical would be
more strongly bound to Mny(IV) site than to Mn,, (I1I)

site in the Mn, (IILIV) dimer.

Model B :
i) The effective exchange interaction J ;5

In model B with 8y = 0 (Fig.2), J172 given by eq 10

with egs 12a-d can be expanded as a power series of 6(

and approximated as

T, =188, -0F)=1BA0,, (41)
with
1B =2p1gUes —Ja1-C,
§=(2Jaz—lbz)(lc2 +Jd2—4.l232 +2J) “42)
3p02UJe2 —J42)
and
of =~ 31t -p -
Jen + g2 — 4140 +2140) 43)

(222 —Jp2)
4p1oUe2 —Jg2)

Table 1 Possible Mn-radical complexes in the S3 and S3' states, each taking a
structural conformation with a small magnetic dipolar interaction between the
radical (HOOHs)- and Mn-tetramer spins in the cited 60 regions for the axial
(D12) and thombic (E12) components to become less than 50 G in magnitude (see

Figs 5 and 6). ,
Structure Models »
Parameters Al A2 B
a | b ¢ | b | ¢ ‘a | b | ¢
[Rab, Red, [2.7,3.62, 27,41, [2.7,2.73,
Rac, Rbd)(A) 3.3,3.3] 50,331 42,33)
(o, o2](°) [8,8] (10, 4} (-8, 8]
p(A) 06 1135121 |06 [135] 20 |06 |1.35 |21
aA) 21 {18 (21 {21 (18] 20 |21 {186 |21
—-6p 623 | 643 |53.1 | 60.5 |60.4 |554 |-22 | 0.90 | 0.25
+a0p{°) {$07 | £13 [432 | +0.6 |+1.3 |48.6 |11 | 0.5 | 0.1
- 88 624 |62.6 610 |61.0 | 63.6 |[-0.75
+aGp(s) [206 |06 | T 1403 (405 | 429 [4025) T —
' 64.6 :
$0.3
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Thus, the J;3 vs 6 relation is found to intersect the 8-
axis at 8 = 0,8, "a magic phase angle", which may be
usually slightly below 84=0 in either radical binding site
of Mn(IV) or My(IV) ion, accompanied by the relations,
0<lyr <20 <<Igp <] and 0<2)n < Iy o < Jaz,
respectively. The value of 18 would be of the same order

of magnitude as JA , so that Fig. 3 may be used with
replacement of parameter JA of JB to determine J;, from

Ay .
In contrast to model A, however, model B is
required to satisfy a more severe condition for the intra-

tetramer éxchange interactions, as given from eq 6 by

3p10J_

44
2(J g -1,) 4

z|90|((§2

which is mostly equivalent to J /4 =~ O (10°2) , implying
that the S,'—S;' transition should result in either case of
1 =T+ Jpa/2 = 0 (0.1-0.01 cmY) or Jog = O (10?2 cim -
1), The former is much less probable than the latter,
because the former requires an additional condition, i.e.
a sigh change of J,; or Jyy from antiferromagnetic to
ferromagnetic, although even the latter can hardly take

place. Furthermore, the bridging radical must add a
ferromagnetic contribution 1o J.4, making the latter less
probable. Nevertheless, it would be interesting to know

whether a dimer-of-dimers model, which satisfies eq 44,
is consistent or not with the observed small anisotropic
interaction in the S3' signal.
ii) The magnetic dipolar interaction D

In Table 1, we have presented structural
parameters for a typical dimer-of-dimers model
combined with the three possible radical binding sites,

called "submodels Ba, Bb and B¢", and the resultant
ranges of 6 which give rise to small axial and rhombic

dipolar interactions, i.e. ID;5l < 50 G in the range 18p-6pl
< ABp and IE5l < 50 G in the range 18y-0! < ABg,
respectively. The bare D5 vs 6, E{, vs 8g and ¢ vs 8g
relations are depicted in Fig. 6 a, b and c, to show that
only submodel Ba can take a small rhombic dipolar
interaction, |E,l < 50 G, in a narrow range, -1.0° <8 <

-0.5°, but this range does not overlap with that (- 3.35°

< 8 < -1.05°) for small axial dipolar interaction, IDj! <

50 G. Thus, we conclude that the dimer-of-dimers model
must exhibit some appreciable anisotropic features in the

Sy’ signal.

5. Numerical analysis of the S3' signal

The observed S5’ signals seem to consist of two

distinguishable components: a narrow doublet with

100-200 G wide splitting and a broad wings extending
over 2950-3860 G at X-band frequencies [19]. The
doublet spectrum was computer-simulated by Boussac et
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Fig.6 The same relations as in Fig. 5 in possible
submodels of model B: (a) Ba, (b) Bb and (c) Be
(see Table 1). ' .
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al.[23]: the stick spectrum obtained from a set of
parameters (A,;=150 G, Ap=75 G, A;=52.7 G, A4=48.6
G, £1=1.965, g,=2.012, J},=67.4 G and D;,=0) had to
be convoluted with different Gaussian line shape
functions with large broadening, AB;=40 G and AB,=43
G, for the Mn-tetramer and radical lines, respectively. It
was found that the multiline component due to the Mn-
tetramer becomes unresolvable and collapses to a level
much weaker than the observed wings. This discrepancy
originates from the His-radical hypothesis that limits the

YR WO SN NN TR YOO TN T WOUC SO A R WY VU WL SN WONT ST UUUN T S TYY

2800 3000 3200 3400 3600 3800 4000
B (Gauss)

Fig.7 The effect of the magic phase angle oA on the
EPR signal from the Mny- radical complex 1 with
J,2=0.015 cm! and D=0 (the spectroscopic
parameters are v=9.4 GHz, g,=1.98, g,=2.011, a,=
96 G, a,=-77 G, a,=- 83 G, a4=-81 G and AB*=25
G): ABP=047 + 60° = 0° (a), 3° (b) and 6° (c):

value of J;5 to such a weak level. Furthermore, Boussac
et al.[23] assumed that D, might have contributed not
to the energy level splitting but to the line broadening
capable to be incorporated into the Gaussian broadening
function. However, this assumption should be allowed
only for powdered spectra in an inconsistent case where
both Dy, and E; of long-range nature are much smaller
than J;, of short-range nature.

This section is devoted to numerically
demonstrating how reasonably the present hypothesis

Jiz= 100 G

400 G

c
d 800 G

e /\ 1600 G

f /\ 3200 G
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2800 3000 3200 3400 3600 3860 4000
B (Gauss)

Fig.8 The effect of the effective exchange interaction
J;, on the EPR signal from the Mny-radical complex

with the same spectroscopic parameters as in Fig.7,
except 8y=-65°.
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can explain all the features in the S;' signal.
(i) The effect of the magic phase angle 8;4 on the
multiline component

The wings of the S4' signal do not exhibit any
resolved multilines due to Mn-nuclear hyperfine
splittings. This fact can be regarded as an evidence of the
tetra-nuclear Mn complex, because, if the Mn complex is
a dimer, the S3'signal must show an observable hyperfine
structure similar to that depicted in Fig.7 a. Therefore,
the essential factor behind this fact would be a deviation
of the magic phase angle 6 from -60° in model A. In
the previous sections, it was shown that this deviation

arises from the non-vanishing exchange interactions
between the radical and distant Mn spins, that is, J ., and

Jap, and can possibly reach 3-6°. In Fig. 7, we plotted \
the theoretical S3' signals as a function of A9y =0, +
60° (=0°, 3° and 6°) to be observed from a probable Mn-
radical complex 1 with fixed J;,=0.015 cm™! and D,=0,
where the following spectroscopic parameters were
adopted: v=9.4 GHz, g;=1.98, 2,=2.012, a,= -96 G, a,=
-77 G, ac=-83 G, ag= -81 G and AB*=25G. A
remarkable finding is that the multiline fearture, which is
clearly resolved at AB;*=0°(Fig.7a), rapidly disappears
as AB;” only slightly increases (Fig.7b and c). This can
be reasonably explained as the line broadening effect due
to the recovering hyperfine couplings at Mn,(III) and
Mn,(IV} nuclei. We would emphasize that four
independent estimates of the allowed 6 regions from the
52 itself (eq 40), IDy,l < 50 G, |E; 5l < 50 G (Table 1)
and the line broadening effect (Fig. 7) contain an
overlapping region between -62° and -64°, only in
submodel A2¢. Moreover, we find that the collapsed
multiline feature in Fig. 7c is too weak to explain the
observed appreciable intensity of the wing component.

(ii) The effect of the effective exchange interaction J;,
In order to remove this discrepancy, we must
assume that, in the S’ state, the Mn clusters are
inhomogeneously disturbed to generate a distribution of
Jj2 in a wide range of magnitude. In Figs 8 a through f,
we show the theoretical EPR spéctra as a function of
[¥15], where we used for simplicity the same set of
parameters as in Fig. 6 except 0 being fixed at -64°. It is

( 65

found that, when the J;, is small, the S3' signal becomes
a sharp doublet with the peak-to-peak width of ~ 1J,l

( see Fig. 8a for IJ{51=100 G and 8b for IJ;,1=200 G); as
1}12l increases, the doublet splitting becomes wider and
weaker while the collapsed multiline component starts to
grow (see Fig. 8c for IJ;,/1=400 G and 8d for IJ;5/=800
G); when IJ;,l exceeds the spectral width, these doublet
and multiline components consolidate and form a very
broad and weak doublet spectrum similar to the wihgs of
the S5’ signal ( see Fig. 8e for J,/=1600 G and 8f for
1J151=3200 G). This limiting behavior represents the
effect of exchange narrowing and has been discussed in
Section 3 (see eqs 33a-d). In this limit, the width of the
signal is approximately given by a half of that of the dark
stable multiline signal in the S,' state, in agreement
with an observation (=~ 910 G[19] = 1700 G[23]/2 )
Thus, we conclude that the wings of the S;'signal should
have arisen from the Mn-radical complexes with strong
effective exchange interaction satisfying 200 G << Jj5<
kgT, where the second inequality is required from the
Boltsmann distribution function as will be discussed
below.

Therefore , a correct computer simulation of the
observed S3' signal requires a knowledge on the -

distribution function of I, as given by

Wy Jp-1)
)=k exp[-2 k) ) 45
PU12)- %} T, expl 2AT2 ] 45)

where wy represents a fractional population of the
enzyme-substrate complexes in the k-th conformational
substates corresponding to a group of local-minimum-

energy conformations, and these Mn-radical complexes
are supposed to be in a Gaussian distribution of J,,
centered at Jy,=Jy with width AJy. Let A ;i(B,AB,J;) be
the EPR absorption spectrum due to the i — j transition
(ij=31, 42, 21, 43) with AB being the inhomogeneous
broadening at J;,=0. Then, the total mean absorption

spectrum is approXimately given by
— = ; J _
A(B) = [~ dJ;5p(J12) T A(B,AB, J;){1+exp(==2)1,
(i) 2kgT ™
T k
( ) T A(B,ABj, Iy ) (46)
kT Gy O TR

=y wy[l+exp
k
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where we introduced a total inhomogeneous broadening
AB;¥ associated with the i — j transition of the k-th

group of the Mn-radical complexes. These ABijk can be
estimated from eqgs 46 and 29a-d with eqs 30a-b and -
31a-c as follows: (1) AB;4 =~ ABy= V(AB? + AJ4%4) for
the doublet components, (2) AB3 ¥ =AB43¥ =
AB=Y(AB? + Al?), AB4,"™ =AB,,¥ = AB for the wing
components with J,, » V(<h2>), and (3) AB3," =AB,3"
= AB, AB4,% =ABy¥ = AB,,=V(AB2 + AJ,,2) for the
wing components with J,, « N(<h2>).

This picture provides a quite reasonable

interpretation of recent pulsed EPR measurements [22]
showing that the S3’ signal presents only 23 % of the

integraled EPR signal area of the S; - state multiline
signal: the remaining EPR-silent centers must be in
singlet states with J1, » kpT. In addition, the S3' signal
reported by Andréason et al.[19] exhibits a pair of
shoulder peaks on the doublet spectrum, indicative of
coexistence of the Muny-radical complexes with Jy| = 153
G and = 278 G. Thus, we arrive an conclusion that the
Mn-radical complexes must be inhomogeneous with
respect to the effective exchange interactions, involving
at least three groups: (1) J;,1=100-300 G, (2) 100-300
G « U7l <kgT, and (3) J;5 » kgT.
(iii) The effect of the magnetic dipolar interaction D},
As shown above, both Dy, and E;, can be nearly
quenched when the Mn-radical complex is essentially
described by the model A2¢ as depicted in Fig. 4A,
although the quenching would be in general incomplete.
The residual anisotropic interactions may be detected by
careful and accurate measurements on the orientation
dependence of the doublet component with use of the
oriented PSI1I membranes. In Fig. 9, we define and
iHlustrate the relevant coordinate axes and angles needed
to describe the membrane EPR phenomenon: The
applied magnetic ficld B makes a polar angle Og relative
to the membrane normal (z'-axis)and lies in the x'y'-
plane of the laboratory frame; the principal z-axis of
tensor Dy, makes polar angles Op, ¢ with respect to the
x'y'z'-coordinate system and the principal x-axis does a
rotation angle £ from the zz'-plim'e, resulting in the
azimuthal angle ¢ of B in the principal xyz coordinate
system as given by

( 66
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cos@ ={sinBg(sinEsin¢ — cos&cosBp cosd)

) s (47)
+cosOpsinOp cosE]/ sin@
with the addition theorem of Legendre functions,
2 1 3 | 2 1
cos“0——=—(cos“ O — —)(cos“ Op ~—
373 (cos” Og 3 X D 3)
+%sin 20 sin20pg cosd ,  (48)

1
+Esin2 Op sin? Op cos2¢

which describes the anguiar dependence of the axial
component of A(6,9) in eq 19. Similarly, the thombic
component of A(8,9) is proportional to

sin® 9cos 2 = 3(cos’ By ~§-)(cosz 13 —%)sinz 0p
+5in 20g(sin 2 sin By, sin ¢ — %éosZﬁs’in 20pcos) .

—sin? Bg{cosOpsin 2 — %cos 28E(1+ cos’ Op)}cos2¢

(49)

Fig.9 Defintion of a molecular coodinate system [xyz]
relative to the laboratory frame [x'y'z'): the z'-axis
represents the membrane normal, the direction of the
applied magnetic field B, is defined by angles (0g, 0)
and (0, @) in [x'y'z'] and [xyz], respectively, the
direction of Dy, in {x'y'2'] by angles (8p, ¢), and
angle & gives the rotation angle of the x-axis from
the zz' plane.
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Since the oriented PSII membranes have no order with
respect to a rotation ¢ around the membrane normal, all

the terms in egs 47 and 48 proportional to cos¢, sind and
cos2¢ can cause only a line broadening as far as Dy, and

E,; are small, and the other terms can do a Op-

dependent level shift. As a distinctive feature to the two-
half spins system , we find two "magic angles” for 6p

and €, i.e. 54.7° and 45°, respectively, at which the axial
and rhombic componeénts in the 6g-dependent level shift

vanish, and there remains only an inhomogeneous line

broadening due to

45°
90°
ST Y WO T SO SOUT NN TSNP RN W SN WA WY SN NSNS N N
2800 3000 3200 3400 3600 3800 4000
B (Gauss)

Fig.10 A predicted orientation dependence of the EPR
signal from the model A2¢ Mny-radical complex in

Ca?*-depieted PS 1l membranes (see text) whose
principal axes of Dy, tensor are assumed to be
oriented near 6y = -66° and &= 20°. The indicated
angle is Og defined in Fig. 9. .

An0,09) = (71:; Dy, cosd + EEU sin)sin 20p
+-;-(D12 - 3E,3)sin? 0 cos 20

(50)

It should be noted that this magic angle effect will
become significant whenever 18p! and IE| are not so far
(possibly, within + 15°) from 57.4° and 45°, respectively.
This is partly because the membranes can not avoid a
partial disorientation due to mosaic spread.

For instance, in the case of model A2¢ with
J17=150 G, D{»=38.8 G and E,=26.5 G at 65~ -63°,
we may put Op=~p=66.16° and £~20° as likely
assumptions based on recent EXAFS data indicating that
the 2.7 A and 3.3 A Mn-Mn bonds would be
perpendicular and parallel to the membrane normal,

respectively [4]. In Fig. 10, we show the orientation
dependence of the S3' signals at 8g=0°, 45° and 90°,

respectively, which arise from this Mny-radical complex
specified by the same set of the other parameters as
utilized in Fig. 7. Thus, we find that the orientation
dependence of the peak position must be so weak if the

present theory is correct.

(iv) EPR Spectral Simulations

The condition of smalt dipolar interaction for
the doublet component was found to be most satisfied
by such a model A2¢ Mn cluster with -0y ~ 61-64° as
depicted in Fig. 4A: in this model, the center of the
radical spin surprisingly coincides with a middle point of
the =1.46 A 0-O bond in the radical, (HOOH )", which
is reasonably presumed to be more strongly bound on
the Mny,(IV) site than on the Mn,(III) site to form an
asymmetric third bridging ligand in the di-p-oxo bridged
Mn,(I11)-Mny(1V) dimeric subunit. The other possibility
of an HOHOH - radical as the third bridging ligand is
much lower, because a hydrogen bond in this ligand
would be very short (< 2.50 A) and near-symmetric [36]
and hence the center of the radical spin must be
described by the much-less-probable model A2b.
Circumstantial evidences prt_aferring modél A2 méy be
provided by the following experimental findings: (1) a

( 67 )
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UV absorption spectrum induced by flash illumination of

dark-adapted CaZ*-depleted PSII is similar [23] to that
generated by the covalent addition of an OH- radical to

His in aqueous solution at pH 9.2 {24]> which may be in
turn similar to the (HOOH +)" radical covalently bonded

to the di{pL-oxo)Mny(1ILIV) subunit (see Section 6); and
(2) Mn K-edge XANES spectra induced by a series of
flash illumination of the Ca?*-depleted PSII membranes

P W T S U ST S S N WA T WO VOO ST VN0 WO SN A TN TG TN
3100 3200 3300 3400 3500 3600
B (Gauss)

Fig.11 The best simulation of an observed S3’ signal
23(v=9.4 GHz), based on the binary model of J;,-
ditribution: i.e. {14 = 135 G, ABy3 = 29 G, wq = 0.65,
o4 ~-65 } and (J,, = 2800 G, A, = 201 G, wy, =
0.35, 8, =~ -50°} for the doublet and wing
components, respectively. Both the doublet (A) and
the wing (B) components (thick solid lines) are
decomboluted into four transitions (non-solid lines).
See text for the other parameters. (C) The
theoretical (thick solid l'me) and experimental (thin
solid line) spectra. ' '

showed an abnormal stepwise upshift of the K-edge -
energy, i.e. = 1.0 eV by one flash upon the S;’ to Sy’
transition and ~ 0.9 eV in total by many flashes to reach
a steady state, possibly S3' state [29], indicating that a
Mn(111) or Mn(IV) ion, or its direct ligand in the Mn
cluster could be oxidized up to two electrons but further
events were blocked: the same conclusion was derived
for the normal S5 to Ss tramsition too[{28].

In spite of the possible multi-component origin of
the wings of the S5’ signal, the EPR spectral simulations
based on a binary model of J;,-distribution, which
involves two sets of parameters, {J4, ABy, wgq, 894} for
the doublet component and {J,, AB,,, W, Oqy} for
the wing component in eq 46, will provide useful
information not only on J4 (=100-200 G) and AB,4 but
also on the relative population wgy/wy,, provided that
8p4 = -65° (see above), and representatively; 8g,, = -50°,
J,, = 2800 G (» J;), and AB, = 200 G (= AJ3*J,/Ig). In
addition, the hyperfine coupling constants of four Mn
ions {a; ; i=a-d} are taken as equal to the previous ones,
and those of two protons {a; ; k=e,f} in the (HOOH )
radical are for simplicity assumed to be equally a half of
that in a hydroxyl radical [37]: i.e. a, = ag= 20 G. As
depicted in Fig. 11, a powdered S3' signal (a thin solid
line in C) reported in ref 23 was best simulated to obtain
an important set of parameters, {g;~1.98, g,=2.012,
J4=135 G, ABg= 29 G, wy4=0.65, w,,~0.35}: here, the
theoretical EPR spectrum (a thick solid line in C) are
deconvoluted into the doublet (a thick solid line in A)
and wing (a thick solid line in B) components, each of
which is further deconvoluted into four-transition
components as indicated. We note that (1) the smail
asymmetry of the S5’ signal in Fig. 11 is well reproduced
by the second order perturbation correction due to the
nuclear hyperfine coupling alone; (2) the value of
2,=2.011 is reasonably closer to the free electron g-
value (g,=2.0023) than the g-value of HO,*, 2.015(38]
(see Discussion); and (3) the doublet component arises
from ca. 65 % of EPR-susceptible Mn-radical complexes
in the S3' state. '

Then, it would be interesting to predict the

" isotope effect of (DOOD" ) on the S5’ signal, especially

on its doublet component. When proton (I=1/2) is
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exchanged by deuterium (I=1), the hyperfine coupling
constants will be significantly reduced into a, = af= 3 G,

as estimated from =78/508*20 G[39]. Nevertheless, it
was found that the doublet peak intensity of the S5’
signal is increased only slightly (=11% ) by the H/D

- isotopic replacement, and the other portion will not
change almost. Thus, any attempt to detect this small

_isotope effect on such a weak S4' signal is required to be
especially careful. In addition, it should be noted that the
wing component is asymmetrically distributed with an
overall width, 950 G, in agreement with the experimental
one, 910 G [19].

6. Discussions and conclusions

In the previous sections, we have developed a
unified theory of the S3' signal arising from a variety of
modified forms of the S, state in Ca2*-depleted, CI-
depleted, and NH3-treated samples, and answered to a
question why the normal S state is EPR-silent. The
theory is based on the most likely assumption that, in
both the normal and the modified S;-states, the Mn

cluster can be regarded as a coupled spin system

"
™~ M““'"("““'""--\Mn"’
\‘o/ ™
~

Fig.12 The xyz-coordinate system to describe the
anisotropic exchange interaction between a Mn(1Il)
ion in di(i-oxo0) Mny(IILIV) subunit and an
unpaired electron in the yy-orbital of a bridging
radical, (HOOH ).

consisting of a spin S;=1/2 Mn-tetramer, which remains
essentially the same spin configuration as that in the S,
state with spin S;=1/2 (2], and a spin Sy=1/2 radical
bound to it as a direct ligand at some appropriate site.

We have quantum-mechanically derived an effective spin
hamiltonian involving the effective isotropic (J1,8) *S»)

and anisotropic (S1 - D)2*S,) interactions as the essential
terms that can sensitively reflect the conformational state
of the Mn complex and the radical binding state: The
necessity of this new theory has arisen from the fact that
the S5’ signal consists of two distinguishable components,
called "doublet” and "wing", the former exhibiting a
near-symmetric split band indicative of a small near-
isotropic interaction (1T}l = 100-200 G » D13} [23] and
the latter extending over nearly a half range of the dark
stable multiline signal indicative of much stronger J,
interaction than the nuclear hyperfmé splittings, and also
from recent flash-induced XANES studies with use of
physiologically native PS Il membranes in the normal
(28] and Ca?*-depleted {29] preparations, indicating that
a Mn(Ill) or Mn(IV) ion or its direct ligand was
oxidized upon the S5(S,)->S3(S3") transition, although
only the latter possibility, i.e. the oxidation of a ligand at
special site(s), can be consistent with the S5’ signal. It
was pointed out (Kusunoki et al.[28]) that the 6th
coordination site of Mn,(IlI) or Mny(IV) ion in the di(p-
oxo) bridged Mny(I1LIV) microsurface can be the most.
probable candidate, because the XANES K-edge energy
could sensitively upshift only when the ligand with the
longest bond length is oxidized to be more tightly bound,
just as the oxidation of Mn(l_ll) ion to Mn(IV) induces
the shortening of a Mn-ligand bond resulting in the
upshift of the K-edge energy.

The theory, however, contradicts an earlier
report [25] stating that the Mn K-edge XAFS spectrum
of a PS II preparation poised in the =35% S, and ~65%
"S3" state was the same as that poised in the ~100% S,
state: this observation appears to have been utilized as a
supporting evidence for an "S,'-plus-organic radical”
model , where the organic radical was not allowed to be
a covalent-bonded ligand, because whose oxidation
would strengthen and shorten the Mn-ligand bond
resulting in an appreciable upshift or modification of the
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Mn K-edge XANES spectrum, and was proposed to be a
remote His** [23], Yz * [26] and Try-* [40). However,
it was further pointed out (Kusunoki et al.[28]) that the
reported EPR data [25], which were used to evaluate the
sample procedures to generate a double turnover of PS
11, can be more reasonably re-evaluated as follows,
yielding an opposite conclusion of no S,—S3.
advancement due to no reduction of acceptor Fe3* to
Fe?* during the illumination at 240 K(step 4): (1) the
amplitude of the multiline signal may not be used as a
quantitative measure of the S,-state composition,
because it is known that the S, state may be
inhomogeneous as regards the total spin of the Mn
cluster taking a spin S=1/2 or S=5/2 [see a review,
Debus[5]], possibly depending upon the temperature and
the duration time of the sample treatment {2]; (2)
Disappearance of the EPR signals at g=8 and g=5.5
associated with Qq0(Fe3*) was interpreted[25] as
indicating the reduction of Fe3* to Fe?*, but the
reduction of Q4 to Q4 itself can eliminate these signals
owing to the onset of the Q,~ spin coupled with the Fe3t
spin; and (3) An EPR signal at g=1.9, which showsa
lineshape significantly different from that observed for
Q, coupled with Fe?*, can be more reasonably
interpreted([25] as arising from Q4 Fe3* than from Q4
FeZ*. On the other hand, this theory would explain, of
course, the apparent lack of Mn oxidation during the S,
to S transition in the NMR-proton relaxation
enhancement [41] and Yp* EPR spin-lattice relaxation
{42] experiments, and, simultaneously, even the flash-
induced optical absorption change of the S,—83
transition which was observed to be similar to [43], or
somewhat different from [44] that of the $;—8§;
transition representing the oxidation of one Mn(III) ion
to Mn(IV)(see a review of Debus[5]). This similarlity
does not necessarily mean that one Mn(III) ion has been
oxidized upon the S,—S5 transition too. Indeed, the fact
that the former spectrum highly coincidentally resembles
an absorption spectrum of the intermediate formed from
the reaction of OH radical with histidine[24], a very
different chemical species, with respect to the peak
position, bandwidth, lineshabe and amplitude, was
utilized as an evidence for that the S,'—S' transition

corresponds to the oxidation of His{23]. This
correspondence, however, seems to be  inconsistent in

the following points: (i) the absorption spectrum of the
suggested [imidazole-OH]- radical complex (Table III

in ref 44) consists of only two absorption bands, namely,
a main band peaked at 310 nm (4.0 eV) possibly arising
from a n—7* transition in the imidazole N3=C4 double
bond and a weaker band peaked at 410 nm (3.02 eV)
may be ascribable to the C—B transition in OH [45]
added to the position C5 [44]; and does not contain such
a weak shoulder peaked at 350 nm (3.54 ¢V) as
observed in the S,'—S5' difference spectrum. This
discrepancy was first pointed out by Dekker {43],
although an absorption spectrum of His- would be in
general different from that of [His-OH]-; and (ii)
Generally, the higher the spin density on oxygen the
higher the g value, because if the atomic shell is less than

half full, the atomic spin-otbit coupling constant A is
positive and g < ge, and if the shell is more than half full,

A <0 and g > g.. Since an imidazole does not contain
oxygen, the g-value of a Hiso radical is expected to be
close to g,. In fact, the [imidazole-OH] radical complex
mentioned above takes the value of g=2.00226 = g [44]
in agreement with the radical spin primarily localized at
the C2 atom. However, King et al.{45] reported
significantly higher g values than g, for some amino acid
free radicals formed by oxidation of metmyoglobins, ¢.g.
g=2.009 for His » g; and g=2.010 for Gly » {gx=2.0025,
gy=2.0038, gz=2.0044] for a crystal of Gly [47], But, in
these examples, the unpaired ¢lectron is expected to be

localized mainly on the peptide carbonyl > C=0. On the
other hand, the g value of the radical formed in the S3'

state has been found to be g,=2.011, in accord with the
original estimate[23]. This value, however, seems to be
too high to be ascribed to His imidagole as well as the
other aromatic amino acids residues, all of which do not
contain O atom in the aromatic ring(s).

Therefore, we conclude that such a high g value
must have arisen from an O-rich radical formed by the

first water oxidation process in the Kok's cycle. The
most probable candidate would be an (HOOH )" radical

‘bound to the Mn complex that was predicted[48] to

appear in the S; state as the third bridging ligand
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between the putative di-pi-oxo bridged Mn(lII) and
Mn(1V) ions, on the basis of the MO studies on the
deprotonation energetics of the water splitting reaction
taking place on the catalytic binuclear microsurface,
because (i) the (HOOH ) radical in the S; state can be
the only model as an intermediate product obtained by
removing two protons and one electron from a water
dimer, in accordance with the observed stoichiometry of
protons released from the water oxidizing complex per
P680 during the S-state cycle, i.e. 1.2:0.2:0.95:1.65 at
pH 6.5 for the S;—S,, $;—8,, $,—S§3 and
S3—(S4)—Sy transitions, respectively [49]; (ii) this
radical can be transiently generated in buffered aqueous
solution at the first step in the oxidation of MblII by
H50; |50); and (iii) the g value of this radical is
expected to be less than that of OH- (=2.011 [38]) but
much larger than g., and these conditions are well
satisfied by gy~ 2.011. If this is the case, the unpaired
electron must occupy a o-type bonding orbital between
two O atoms which could be both promoted to provide
three approximate 2sp, hybrid orbitals and two lone-pair
orbitals if one O atom is coordinated to Mn(III) and the
other to Mn(IV) ion in the di(p-oxo)Mny(IILIV) subunit.
Moreover, the two O atoms with separation of ca. 1.43
A are bonded by a doubly-occupied (2sp,)n orbital.
Consequently, we suggest that the flash-induced optical
absorption spectrum peaked at = 310 nm (main band)
and = 350 nm (shoulder band) may be assigned to the
n—o* and (2sp,)A-—>6 transitions in the O-O bond,
respectively. In addition, it is important to note that the
Mn(IV)-O bond must be stronger than the Mn(1II)-O,
giving rise to such an asymmetric bridge ligation as
schematically depicted in Fig.4A , which in turn leads to
a small (2J; - Ji2) in eq 37 due to a large body of
cancellation between the exchange interactions, 2J,, and
Jio-

Indeed, we have shown that only this (HOOH - )
radical can reasonably explain the doublet éomponent of
the S5’ si gnal only when it forms a similar a_symmetric
third bridging ligand between the di-p-oxo bridged
Mn(III) and Mn(IV) ions on the opposite side of the
other pair of Mn(IV) ions in the S,=1/2 Mn-tetramer, v
which would take a distorted stn_:éture ( model A2¢in

Table 1), and whose spin wave function could be
approximately expanded as eq 5 with -6g = 63-65°.
Namely, only this special form of the Mn-radical
complex has been shown to simultaneously satisfy the
following three conditions for the near-symmetric and
hence near-isotropic S3' signal: (i) an extremely small
effective exchange interaction, i.e. )5 = 100-200 G;
and (ii) much smaller magnetic dipolar interactions, i.c.
ID )5l << 1J 15} and IE;5) << 1J 5], when the phase angle 8y
happens to be shifted into a narrow range within £1° .
around the magic phase angle 8 g* (condition (i)) which
must lie slightly (2°-5°) above -60° (conditions (ii}). For
this hapening to take place with an apprecible probability
(roughly estimated as = 0.23*wy = 0.16 according to
Gilchrist et al.[22]), there must exist an inhomogeneous
distribution of J;, at least in the S5’ state. In fact , the
wing component of the S3' signal has been shown to
arise from different Mn-radical complexes having much
larger J |, than 100-200 G, although the percentage of
these complexes seems to be only = 8 % (= 23%*w,,).
Furthermore, the majority of Mn-radical complexes (=
77 %) are known to be EPR-silent, and we have
proposed this is because these complexes carry no net
magnetic moments owing to J;, » kgT (the singlet
ground state). Thus, we have pointed out that the S5’
state is evidently inhofnogeneous, suggesting that the
Ca®* cofactor is bound near the Mn complei, and its
depletion would result in a variety of relaxed
conformational states of the Mn cluster. Recently,
Yachandra et al.[4] proposed, based on EXAFS
measurements, that a Ca?* ion is located approx. 3.3 A
from Mn, supporting our suggestion.

On the other hand, a dimer-of-dimers model
proposed on the basis of EXAFS data[4] must
uniquely correspond to the present model B as depicted
in Fig. 4B, whose spin wave function can be well
described by eq 5 with 6y being always near 0°. We have
shown that only the model Ba can be consistent with the

near-symmetric and hence near-isotropic split EPR signal
in a vanishingly small range of 0, around -1.05° (see

Table 1). But, such a smali O has been shown in Fig. 6b
to cause an enhanced hyperfine structure in the wing
regions against the experimental observation. Hence, it is
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concluded that if the doublet spectrum in the oriented
Ca’*-depleted PS 11 is observed to be really isotropic
both in position and in intensity, the Mn-radical complex
must belong to model A2¢, but if it is so only in position,
the complex can be either model A or B as far as the
spectral lineshape is concerned, because then the magic
angle effect described in Section 5.3 must have happened
tb take place.

Appendix A  Matrix elements of projection operators
{Pi =Si °S|I[Sl(Sl+l)]; i=a-d} in the [SabSCdSI }
representation
(SapScaSIMIA[S ab ScaSM) =
{_‘_ + Sab(Sab +1)— Scd(Sw +1)
2 2S| (Sl +1)

L SaBa DSy +D),
2 285,4(Sy +1) SwS ,

L1681+ S + 80 +2)(=S) + S+ Sg +1)(S; ~Sap + S 2

}

28,(S; +1X(S,, + DI(2S,, + 1)(2S,, + Y2
1S, +5p+S,, + 2)S; —~ Sp+S;p+1)
('—Sa +Sb + Sab + l)(Sa + Sb —Sab)]llzss'absah +1s
(AD
(SabScaSIMS[S ay ScaSiM) =
Sab(Sap +1)=Seg(Seq +1),
ZSI(SI +1) !
L S +D 8,68, + D3,
2 2Sab(sab +1) 2= ab

[(S1 +Sap + Scd +2)(=S; + Sy, + Seq + 1D(S; — Sap, + Seq)1"2

{l+

251(S; + D(Sgp + DI(2Sy, +1)(2S,, + 31V?
(S, +S,+8, +2)(S, — Sp+Sa +1)
(=Sa +Sp +Su +1)(S, + S~ S )18 5410

(A2)
(SapScaSIM|2JSS g SiM) =
1, Sca(Sea +D=Syp(Sp +1),
2 28,(S; +1) '
1 S.(S,+D—-83(5q+1)
2 S
Bt s Eg ) S
51+ S +Scq +2)(=S) + Sy +Sq + 1Sy =Sy +Sea)1>
28,(S; + 1)(Sgq + DI(2Scq + D(2Soq + D2
(8¢ +83+Scq +2)(S, =S4 +S,4 +1)
(=S +Sq +854 +1)(S; +84 = Se)1V 2855 +1»

(A3)

{
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and
(SabScaSIM[A|S S ca SIM) =
1 Sca8ug +D =SS +1)
2 288+D
{l + Sd(Sd +1)—- SC(SC +1)
2 2S,4(Scq +1)
[(S} +Sap +Scg +2)(=S; + Sy +Scq + 1(S; =Sy, + Sea)1>

{

}

} Scdsod v

254(S; + 1)(Seq + DI(2Seq + 1N(2Scq + 3172
(S +8¢+Scq +2)(Sc ~Sq +Seq +1)
(=S +Sq +Soq + DS, +84 = Sa)V?85_s_1-
(A4)

Appendix B  Anisotropic exchange or psendo-dipolar

interaction between a Mn(I1I) ion and a ligand radical

We discuss the magnetic interactions
between a Mn(III) ion in di(U-0x0)Mn (111, 1V) dimer

and an unpaired electron in the third bridging ligand such
as (HOOH - ), by using the xyz coordinate system
defined in Fig. 12. The interaction hamiltonian Hipg
between the d-electrons and the G-electron in a ¢,-
orbital consists of a direct Coulomb and some

superexchange(K) interactions:

4 4 e?
Hip = kzlhim =X

+K(r,n)t. (Bl
k=t | e — 12| . }

In the A ground state of the Mn(I1I) ion, the occupied
d-orbitals may be assumed to be {d(xy), d(yz), d(zx),
d(3z2-12)) , which are defined as {dy; k=1, 2, 3, 4} in

this order, owing to the Jahn-Teller elongation along the

.z-direction. The energy difference between

ferromagnetic and antiferromagnetic states described by
Slater determinants, Id(xy)d(yz)d(zx)d(3z2-r5)¥,) and
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Id(xy)d(yz)d(3z2-12)¥,), respectively, defines the
isotropic exchange integral J; as

2
25, +1

(jdgd(yz)d(zx)d(xy)d(3z? - 12 )wgrﬂim

Jaz =
-|d(yz)d(zx)d(xy)d(312 ~1? )wzl

~fad(y2)d(@x)d(xy)dB2? - )5 Hin

-|d(yz)d(zx)d(xy)d(322 -2 )172‘} .

2 4
= d h; dy),
2Sa+1k§1( kWi Wady )

(B2)

giving rise to the effective spin hamiltonian J,8;-S,. In
this exbression, the Coulomb potential terms represent
the ferromagnetic direct exchange and the K terms the
antiferromagnetic exchange. These exchange interactions
may cancel to each other, resulting in a rather weak
exchange interaction, possibly because the closed-shell
di-pi-oxo ions can play an intervening role on the = 90°
indirect exchange. '

On the other hand, the effect of spin-orbit
interaction Hj g, in Mny(IIl) ion on the anisotropic
exchange interaction can be well described by the
lowest-order perturbation process in which the spin-

dependent interaction is involved, as given by [32]

o WagH o W YW W Hi W W2 X W [Hp o W)
Hew=2 ’ AE,
ee : AEeg eg

(B3)

where the other minor pf_ocesses have been hgglected,
Wye in IV, V) represents the d-orbital part of the Slater

determinant of the ground state, and Ve in IV, ¥,) does
that of an excited state. Hy 5, may be approximated by
AaLa -S4, which connects the ground singlet (°S) and the

excited triplet (°P) states of Mn(IIT) ion whose wave
functions are given by '

Vaex =[d(y2),d(xy),d(3x* —r?),d(z* - y*)),
Yoy = [d(xy),d(y2),d3y? - 1%),d(z* - x?)],

and
Voo, = [d(yz),d(zx),d(32% - 1%),d(x* - y?)]. (B3)

The non-vanishing matrix elements of L, between the

58 and SP states are found to be

(‘I’aex‘v2|Lax I‘I’ag\lfz )= (Waey‘l'2lLay|Wag‘V2)
= (WaesWa|Laa|WagW2) = ~2i.
| (B4)

The matrix elements of Hjp in this triplet may be
approximated by I,S, 'S5, J, 8,°S; and 1,8, S, where

I F<d(X2 -yz)\llzlhintl‘lizd(x2 —)’2))-
=3 2+
TS (agmvafhilvadin)
oy a2 [{a6? =y walwade? -y)
y e Batll  (d@x)yfhimfw2d@n) j
and

( 2.2 ) 2 _ 23\
boelat 2 (d(x y )w2'hmtl‘l’2d(x y ))
.= Va2
" 253“_ —(d(xy)\llehimlllfzd(XY))

(B5)

Since AE,, ~ AE=10Dq (the conventional crystalline
field parameter), we get from eqs B2, B4 and B5

H‘ _(27\.3 )Z[stax (sa 's2)sax +Jysay(sa 'SZ )Say:|
exch = : -

AE +J,8,,(8,-$;)8,,
(B6)

Eq B6 can not be further simplified because of S,;=2,
which is a different situation from the cases of Ni(Il)

with S=1 and Cu(ll) with S=1_/2. But, we do not need
Hiycy itself but do its effective spin hamiltonian

Heye, * in the S;=1/2 ground state of Mn,(IILIV,IV,IV)

tetramer described by the wave function ¥ (1/2,M) of eq
5. H'exch * can be obtained by the vector projection

method based on the Wigner-Eckart theorem [31]:

(73)
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o TG =Co)S1 S+ CoS1(S1-$2)Six)
}tm =(‘%) +Jy{(C1 "Cz)sly352y +Czsly(sl Sz)sxy}
+H,(C ~ G181, Sy, +CS(81 - $2)81,}

(B7)
with
G mfsauigmy
1= 1 |
| (W|(2~m)||Su ||\|!1(2~-m)) (B8)
= %Pa(%),‘for i=x,5,2
and
(‘l’l(_% m)“SaiSajSai “‘Ul(;‘m))
2577 1 ,
(wi( 5 m)“SuS] iji“‘{ll(“2 m)) (B9)

= —%—Pa(eo );fOI: i,_} = X,y,z(i * j)’

Eq B7 can be simplified by use of the relations ($,=1/2):
Si3=S1/4 i=xy,zand  SySySyi=- Syfd; i, j=x,y.z (i
#j). It is now straightforward to show that an
anisotropic part in H'exch * yields the pseudo-dipolar

effective spin hamiltonian given by

1 1
Hpg =(Epq —’STDpd)SleZX +(Epa +3Dpa)S1xSax
2
+§DpdSIZSZZ’
B10)
with

Ay Y 2
Dpd =('A—E-) AJDPa(e()),AJD =_§(JX+Jy _2Jz)

(B11)
and

A, Y 2 ,
Epd =(—A_E) AJEPa(eo),AJE =g(JX—Jy). (B12)

From eq B5, we can estimate the axial and rhombic
exchange parts, AJp of eq B11 and AJg of eq B12,

respectively, as

4
Alp = Ef(d()’z)‘l'zlhim |w2d(yz))

+HA(xz)Y 5 [hipy | W2d(x2))

(B13)
~Ad(xy)W|hi [Wad(xy))}
8
=E(d()’2)‘lf2|him|\l’2d(yz))
and
4
Alg =—{{d h v
E 25« (X?)‘I’zl mtI\VZd(XL» (B14)

= (d(yz)W2| gy [ W2d(y2))} = 0.

The value of A,/AE can be estimated from the observed
g,-value (g, = 1.963) according to the approximate
relation[51], A,/AE = (2.0023 - g,)/8 = 0.005. Therefore,
the pseudo-dipolar term may be neglected in the present

problem.
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