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ABSTRACT

The mineral helvite, (Mn,S)(BeSiO,);, contains discrete tetrahedral Mn,S *¢ clusters in
which the S -2 is tetrahedrally coordinated and each Mn(II) is in a distorted tetrahedron of
one S ~2 and three oxygens; the cluster is situated within an encompassing lattice of SiO, ~*
and BeQ, ~6 tetrahedra. Mn,S *¢ centers provide an interesting model for comparison to the
polynuclear manganese center that is associated with photosynthetic water oxidation.
Magnetic susceptibility data between 77 and 298 K have been measured for a natural helvite
sample containing principally Mn,S*+¢ centers but with significant contamination from
Mn;FeS *6 and Mn;CaS *$. The data exhibited Curie-Weiss behavior with pes = 5.969
B.M. and § = 178.3 K. An analysis of the magnetic susceptibility, based on Van Vleck’s
formalism, demonstrated the presence of antiferromagnetic coupling, with a coupling
constant J = —5.83 cm~!. Méssbauer spectra of Mn;FeS centers in helvite and of Fe,S
centers in the related mineral danalite have also been recorded. Isomer shifts show little
temperature dependence and lie in the range 1.23-1.43 mm/sec. This range is typical of
tetrahedrally coordinated Fe(ll) in several ionic crystals but is significantly above that of
Fe(Il) in ferredoxins and below that in the [quinone-Fe(II)-quinone] complex of the
photosynthetic bacterium, Rhodopseudomonas sphaeroides. Quadrupole splittings are
highly temperature dependent, ranging from 2.4 mm/sec at 4.2 K to less than 0.5 mm/sec at
248 K.

INTRODUCTION

The catalytic site of photosynthetic water oxidation is associated with a
polynuclear metal ion center containing manganese [1-19], possibly in conjunc-
tion with iron [20] or calcium [21]. The composition of the center and the identity
of the manganese oxidation states in the catalytic cycle are not well established.
Determinations of Mn(II) released by specific inactivators of water oxidation have
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indicated a stoichiometry of approximately four manganese per Photosystem II
(PSID) [5, 6, 10, 11, 14], although a stoichiometry of 2 Mn/PSII has recently been
inferred by Tris extraction of PSII particles [22]. During the catalytic oxidation of
water, the manganese center (including its unknown bound intermediates) passes
through a cycle of four photochemically induced oxidation states (S-states) [23].

Specific spectroscopic signals have been linked to certain of these oxidation
states. A multiline ESR signal has been detected from flash-illuminated thylakoid
membranes and associated with the S, state [20, 24-28]. EXAFS diffraction
patterns [29] and a flash-induced optical absorption near 315 nm [30-35] have also
been linked to the manganese center. Quite recently, a broad g = 4.1 absorption
has been detected in ESR spectra of PSII preparations [20]. This transient signal
has been attributed to thombic Fe(III) in close association with the water oxidizing
center.

The synthetic inorganic chemistry of manganese has provided very few model
compounds to guide the interpretation of these data. Di- and tetranuclear
complexes of manganese in di-u-oxo-bridged structures are known and have been
analyzed extensively in relation to the multiline ESR signal of PSII [36, 37]. These
structures, which contain tightly exchange-coupled dimers and tetramers of
Mn(III) and Mn(IV), form in aqueous media under highly oxidizing conditions
[38, 39].

A second class of polynuclear manganese clusters occurs as tetranuclear
manganese-sulfide centers in the mineral helvite. Helvite crystallizes hydrother-
mally as a silicate-berylate lattice which contains discrete tetrahedral Mn,S *6

FIGURE 1. ORTEP drawing of the tetrahedral coordination spheres of S -2 and Mn2* in the helvite
structure. The geometry about S ~2 is strictly tetrahedral.
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centers. ORTEP diagrams of the Mn,S *¢ center and of the helvite unit cell are
shown in Figures 1 and 2. A sulfide ion acts as a common apex for four MnO;S —¢
tetrahedra. This produces the novel situation of four Mn(Il) ions in perfect Ty
symmetry about a center S ~2 ion. Individual Mn,S *¢ centers are separated by the
surrounding lattice of silicate and berylate tetrahedra [40].

The degree of electron delocalization within the center has not been studied. The
Mn(II)-Mn(Il) distance is relatively long, 3.95 A, suggesting that direct orbital
overlap between metal ions is probably small. However, superexchange interac-
tion transmitted via the central sulfide ion may be substantial.

Isomorphic replacement of Ma(Il) by Fe(II), Zn(II), and Ca(II) occurs naturally
in helvitelike minerals. The helvite and helvitelike structures comprise a series of
tektosilicate minerals of the general formula (M,S)(BeSiO,);, where M represents
a divalent metal ion. The three recognized end members of this series are helvite,
M = Mn(l); danalite, M = Fe(Il); and genthelvite, M = Zn(II). Natural
minerals invariably exhibit intermediate compositions, often with Ca2* substitut-
ing for Zn *2. The synthesis of crystals of pure helvite, (Mn,S)(BeSiO,)s, has been
reported in weakly acidic aqueous media under reducing conditions at elevated
temperature and pressure {41].

FIGURE 2. ORTEP drawing of the helvite structure. Three-quarters of the unit cell projected on the
(001) plane,
Helvite: Mn (BeSiO),S

— .s00 (§ -) 0.250 0.750 \~| i) 0.500 —
.000 0.000
0.031 0.149 @
0.300 0.500
0.000
LXE] @ 0.669
]
[
©.250 0.250
0.000 @ 0.000
0.750 0.500 0.750
0.66% 0.3
0.000
i
0.500 0.500
0.169 0831 @
0.000 0.000 !
—_ 0.500 (8 - 0.250 0.750 \- i} 0.500 —_—

P |



116

R. R. Sharp, W. M. Holloway, and P. G. Rasmussen

Electronic and magnetic properties of the Mn,S+% center have not previously
been studied. In this communication we report the temperature-dependent
paramagnetic susceptibility of helvite. From these data we have calculated the
electronic exchange coupling of the Mn(II)-Mn(II) pair in Mn,S** centers using
Van Vieck’s formalism [42]. Determination of the electron exchange coupling
within these clusters seemed a promising approach to the experimental differentia-
tion of di-u-oxo- and S~ 2-bridged polynuclear manganese clusters. Exchange
couplings in di-u-oxo-bridged structures are typically large, of order —150 cm ~
while those for Mn(II) in S ~2-bridged lattices (such as cubic 8-MnS) are generally
much smaller (—5)-(—10) cm~!. The results suggest that static magnetic
measurements of purified PSII particles poised in specific §-states may provide a
useful basis for probing the nature of bridging ligands in the water-oxidizing
center.

In addition, Mossbauer and ESR spectra have been obtained to provide
spectroscopic signatures of the metal ion site in M,S *¢ centers. These studies have
utilized the different end members of the helvite/danalite/genthelvite triad to
obtain metal onmnnut ns suitable for studv.

The helvite specimen was obtained from the University of Michigan Mineralogical
Collection. Yellow, or pale greenish-vellow, tetrahedral crystals (up to 2.0mmon

an edge) encrusted on a ﬁne-gramed gray-colored matrix characterlzed the sample
from Schwarzenberg, in Saxony, Germany, the type locality for the mineral.
Helvite obtained from this specimen was used both in the structure refinement [40]
and in this work. The crystalline material was manually separated from the matrix

and finelv oround, usine an acate mortar and npcﬂp for use in the QIIQPPanhI]If\I
ang nnely groung, using an agate mortar ang posti€, 1or use in ine susceplidilly

studies.

Electron microprobe analysis indicated the nonframework metal ion site
occupancy at this specimen to be Mn(Il), 72.2%; Fe(Il), 14.3%; Ca(l), 8.7%;
Co(Il), 1.6%; Cu(dl), 1.6%; and Zn(II), 1.6%. This analysxs is equivalent to

h 1Q +3 1
ua‘v'iﬂg 7.10 pafamagﬂeuu metal ions out of 8.0

ions in the crystallographic unit cell.

The variable temperature magnetic susceptibility measurements were performed
on a Faraday magnetic balance, which has been described in detail elsewhere [43].
Susceptibility data were collected at six temperatures: 77.2, 92.1, 104.9, 117.4,
135.7 and 296.5 K. At least four separate weight measurements were made at each
temperature for the bucket, the standard and the sample at each of three different
magnetic field strengths. For each set of weight measurements, the individual
weights agreed within +0.1 ug. The standard used for these measurements was
nickel(II) ammonium sulfate hexahydrate, (NH4),Ni(SOy), 6H,0, for which the
gram susceptibility value was given by Simmons [44].

An ESR spectrum of powdered helvite at ambient temperature gave a single very
broad absorption (approximately 3750 G wide). The lack of the expected six-line
hyperfine arising from the Mn nucleus (100% natural abundance, I = 5/2) and
the breadth of the spectrum suggested that exchange interactions may be present in
this mineral. The value of g for this absorption is approximately 2.0, aithough the
breadth precluded an accurate measurement.
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MOSSBAUER STUDIES

Room temperature Mossbauer spectra were obtained using a ’Co source (New
England Nuclear) with a spectrometer constructed in the Department of Nuclear
Engineering of the University of Michigan {45, 46]. Low-temperature spectra
were collected using a different instrument through the courtesy of Dr. W. Richard
Dunham of the Biophysics Research Division of the University of Michigan [47].
Samples contained 45-50 mg of powdered materials prepared as described above.
The velocity calibration was provided by sodium nitroprusside, Na,(Fe-
(CN)sNO)-2H,0, using a value of 1.726 mm/sec for the quadrupole splitting.

Spectral simulations were carried out with the aid of the program MFIT, written
by Gould [45]. The simulations assumed that each spectrum comprised a
symmetric Lorenzian doublet. The program iterated on the isomer shift, the
quadrupole splitting, the linewidth, and intensity.

RESULTS

Magnetic Susceptibilities
Magnetic susceptibilities, x,, for helvite were measured over a range of
temperatures from 77.2 to 297 K. These values were converted to atomic
susceptibilities, x4 = xm/N,, where N, is the number of paramagnetic ions per
unit cell. The electron microprobe analysis (see above) gave a value of N, = 7.18
for the helvite sample used. x4 values are tabulated in Table 1. A plot of 1/x,4
against temperature is shown in Figure 3. The data follow a Curie-Weiss law,
x4 ~! = C/(T — 0), where the Curie constant C = NB2u.*/3k. N is Avogadro’s

TABLE 1. Magnetic Properties of Helvite

Temperature X4 ¢ Hete® Beat®
(k) (106 cgs) (B.M.) (B.M.)
77.2 17735(41) 3.309(0.011) 3.294
92.1 16370(78) 3.472(0.014) 3.499
104.9 15664(87) 3.625(0.016) 3.649
117.4 14984(102) 3.751(0.017) 3.776
135.7 14087(164) 3.910(0.026) 3.934
296.5 9391(99) 4.719(0.025) 4.719
Pess? 5.966 + 0.019 B.M.
64 178.3 K

¢ x4 = atomic susceptibility calculated assuming the num-
ber of paramagnetic ions per unit cell was 7.18.

b pees = effective maguetic moment calculated assuming
Curie law behavior.

¢ peal = magnetic moment calculated assuming exchange
behavior averaged over the cluster models discussed in the
text.

Y ux = average effective magnetic moment calculated
assulgning Curie-Weiss law behavior, p.y = 2.828 [x (T +
8)1'2.
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FIGURE 3, Reciprocal magnetic susceptibility per paramagnetic ion of helvite as a function of
temperature. Solid lines are theoretical curves calculated as described in the text.

number, 8 is the Bohr magneton, p. is the effective magnetic moment in B.M.,
and k is Boltzmann’s constant. A least-squares analysis gave values of 5.966 B.M.
and 178.3 K, respectively, for u. and 8. The value of u.s agrees with the high-
temperature spin-only magnetic moment of an § = 5/2 ion, 5.92 B.M. The large
magnitude of # indicates the presence of substantial exchange coupling in the Mn,S
centers.

The theoretical basis for calculating the magnetic susceptibility is described
fully in monographs by Earnshaw [48], Figgis [49], Selwood [50], Val Vleck [42],
and Mabbs [S1]. x,, for a cluster of exchange-coupled metal ions is computed by
summing over all thermally accessible states with total spin quantum number S

_Ngg? %A(Sr) exp [—E(Sp)/kT) .
3RT S B(Sp) exp [—E(Sp)/kT]

Sr

A(S7) = Sr(Sr+ 1D2Sr+ DS
B(Sp) = Q287+ )r(Sy)

Xm

where g is the splitting factor, E = Jmgm,, is the electron exchange coupling
energy, m,; is the magnetic quantum number of spin /, and r(Sy) is a degeneracy
factor [48].
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The calculation of x,, for helvite is complicated by the presence of substantial
concentrations of three different metal ions, Mn(Il) (72.2%), Fe(Il) (14.1%) and
diamagnetic ions, D (10.4%, largely as Ca *2) in the natural crystal. It is therefore
necessary to average the susceptibility over a statistical distribution of M,S
centers. The main clusters present are Mn,S (27.2%), MnyFe (21.5%), Mn;D
(15.7%), Mn,FeD (9.0%), and Mn,D, (3.3%). Explicit theoretical expressions for
X 4 appropriate to each of these clusters are given in Table 2. The expressions have
been derived from equation (1) assuming a single average exchange integral in the
different centers. Other cluster types, such as Mn,Fe,, are also present at low
concentration. For the purposes of calculation, these were represented by the most
similar of the tabulated cluster types.

x 4 has been calculated as a function of temperature, with systematic variation of
J, which was determined by a least-squares fit to the experimental data. In these
calculations, g was taken to be 2.0 as appropriate for the orbital singlet ground
state of Mn(II). Corrections for diamagnetic susceptibility and for orbital
contributions to the magnetic moment of Fe(Il) were neglected. The results are
summarized in Table 1, which contains values of x4 and p.g calculated from
equation (1), as well as i calculated from the Curie-Weiss law. A comparison of
experiment and theory is also shown in Figure 3, where x4 ! is plotted against
temperature for three different values of J: J = —5.00cm~!, —5.83 cm~!, and
6.50 cm ~!. A least-squares best fit to the data was foundat J = —5.83 cm 1. This
confirms the presence of significant exchange couplings within the M,S center.

Mossbauer Spectroscopy

Mossbauer spectra of ’Fe in helvite and danalite were recorded at 297, 77, and
4.2 K and are shown in Figures 4 and 5. The helvite spectra arise largely from
(Mn;Fe)S centers, which are the major iron-containing cluster species in this
mineral. The room temperature spectra consist of broad singlets, which resolve
into quadrupole doublets at lower temperatures. Simulations of the spectra yielded
the parameters shown in Table 3. The room temperature spectra were fitted to an
unresolved quadrupole pair of absorptions.

The isomer shifts observed for helvite and danalite are in good agreement with
those reported previously for minerals containing Fe(II) in a tetrahedral site. For
example, Bankcroft, Maddock, and Burns [52] reported isomer shifts of 1.26 and
1.30 mm/sec for two samples of the mineral Staurolite, which has Fe(II) in a
distorted tetrahedral site. They also agree reasonably well with those of Fe(II) in
the reduced form of ferredoxins from spinach and chromatium [53]. The observed
quadrupole splittings are markedly temperature dependent, ranging from Iess than
0.5 to 2.43 mm/sec as the temperature drops from 297 to 4.2 K. These splittings
measure the distortion from tetrahedral symmetry of the Fe(II) site. The electronic
symmetry about Fe(lII) is strongly temperature dependent and approaches a cubic
environment at room temperature.

DISCUSSION

Tetrahedral stereochemistry is quite rare in the aqueous coordination chemistry of
Mn(II). Under anhydrous conditions, however, a number of tetrahalide anions are



120 R. R. Sharp, W. M. Holloway, and P. G. Rasmussen

TABLE 2. Theoretical Expressions for the Magnetic Susceptibilities of M,;S Centers
Considered in the Calculation of the Susceptibility of Helvite?

XA=2T

+ 1400 exp (—56x)+ 1365 exp (—42x)+ 1155 exp (—30x)
+50 exp (—56x)+65 exp (—42x)+77 exp (—30x)

+720 exp (—20x)+336 exp (- 12x)+ 105 exp (—6x)
+72 exp (—20x)+ 56 exp (—12x)+35 exp (—6x)

+15 exp (—2x)
+15 exp (—2%)+2

T";‘;"&d)ra" K [ 385 exp (~1100)+855 exp (~900)+ 1224 exp (- 729)
* 7 exp (—110x)+ 19 exp (—90x)+ 34 exp (~72x)

Tetrahedral, 3K [ 969 exp (— 80x)+2040 exp (—63x)+2730 exp (—48x)

Mn(II);Fe(II 3K
nD:FedD  xa=1ez 9 exp (—80%)+ 24 exp (—63x0) + 42 exp (—48%)

+2860 exp (—35x)+2475 exp (—24x)+ 1512 exp (—15x)
+60 exp (—35x)+75 exp (—24x)+72 exp (—15x)

+630 exp (—8x)+150 exp (—3x)+9
+54 exp (—8x)+30 exp (—3x)+9

T"Lgd‘:(‘fll)’ _ K | 340 exp (—63x)+455 exp (—48x)+429 exp (~35%)
3 XA_4T 4 exp (—63x)+7 exp (—48x)+9 exp (—35x)
+330 exp (~24x)+210 exp (—15x)+105 exp (—8x)
+10 exp (—24x)+10 exp (—15x)+9 exp (—8x)
+20 exp (-3x)+1
+4 exp (-3x)+1
T“ﬁ‘l’:(‘fll)’ Fedll) _ K | 455 exp (~480)+572 exp (-35%)
2 XA~4T 7 exp (—48x)+ 12 exp (—35x)

+495 exp (—24x)+336 exp (—15x)
+15 exp (—24x)+16 exp (—15x)

+175 exp (—8x)+40 exp (—3x)+2
+15 exp (—8x)+8 exp (—3x)+2

Lllﬁ:r(il) _3K | 55 exp (—30x)+30 exp (—20x)+14 exp (—12)
2 or 11 exp (—30x)+9 exp (—20x)+7 exp (—12%)

+5 exp (-6x)+ exp (—2x)
+5 exp (—6x)+3 exp (—2x)+1

“ Mole percents of the clusters present in the helvite sample used in this study are given. Expressions are
derived from equation (1) of the text by summing over all states of total spin, S7, where K = NB%g?/3k and
x = —J/kT.
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FIGURE 4. Mossbauer spectra of ¥Fe in helvite (upper) and danalite (lower) at 298 K. The helvite
sample contained 14.6% Fe, and the spectrum is predominantly of the (Mn;Fe)S center. Solid lines are
simulations of the spectra using the program MFIT {42].

MM/SEC



-
o
(38

D (3 Dacmneocan
L. \J. NaSIHUISTH

TABLE 3. Mossbauer Spectral Parameters of
Helvite, (Mn3FeS)(BeSi0,); and Dana-
lite, Fe,S(BeSi0y)1*

SRAIRAINSSS

Temperature  Isomer  Quadrupole

Sampie (X) shift splitting
Helvite (Mn,Fe)S 296 1.28 <0.50
Helvite (Mn;Fe)S 77 1.43 1.14
Danalite (Fe,S) 298 1.23 <0.50
Danalite (Fe,S) 77 1.41 1.06
Danalite (Fe,sS) 4.2 1.39 2.43

a L .

? The iron conient of the helviie sample is 14.3 atom
percent of transition metal ions.

formed: these comprise MnX‘;‘2 and MnL,X, structures, with X being a halide
dlllOIl anu L a LCWIS Ddbc sucn as pynume, acet()flitfilc, or Lcrmm pnospmnc:s
Only a few of these are tetrahedral, the rest being octahedral polymers with halide
bridges. Mn(II) is also found in tetrahedral sites in some glasses and in some
crystalline compounds replacing Zn(II). The Mn,S *¢ centers of helvite thus
represent a highly unusual coordination geometry, which appeared to be of interest
from severai standpoints.

First among these is the metal ion stoichiometry of four manganese ions per
center, which coincides with most determinations of the manganese content of
PSII. The conditions under which the centers form (hydrothermal deposition from
weakly acidic, aqueous media [54]) also suggested that such centers could exist in
stable equilibrium with the weakly acidic aqueous phase of the thylakoid lumen.
Chemically, Mn,S *¢ appear to be described best as predominantly ionic clusters.
The Mn-S bond distance in helvite (2.432 A, Fig. 1) is in close agreement with
the Mn-S distance of 2.427 A found in B-MnS [55], which has the zinc blende
lattice. The bond distance is also close to the sum of ionic radii. An ionically
bonded Mn,S *¢ center is expected to show considerable lability. In this regard, it
is noteworthy that the water-oxidizing center dissociates reversibly under mild
denaturating conditions, including brief temperature shock at 50°C [56-58], high
concentrations of Tris buffer [56-58, 14] exposure to alkaline pH [59].
Spontaneous reconstitution of water-oxidizing activity after each of these treat-
ments has been demonstrated in the acid medium of the thylakoid lumen in the
presence of reductants (e.g., ascorbate, propylgallate), Mn(II), and light [56-58,

141 However, it should also be noted that a nrevions EXAFRS studv of thvlakoid

it should also be noted that a previous EXAFS study of thylakeid
membranes [20] did not find a diffraction contribution consistent with the ionic
Mn(II)-S ~? distance.

The magnetic properties of helvite have been described successfully in terms of
a statistical distribution of M,S*% centers, with moderate antiferromagnetic

exchanoe counline (J = —-5.8 ¢cm l\ hatwoaan naramaonatic matal inne Thig
€xchange coupung (J B Cm ogiween paramagneic meta: 1ens. inis

magnitude for J is consistent with values found in a variety of crystals that contain
tetrahedral Mn(II) with bridging sulfide ligands (Table 4). On the other hand, the
observed exchange coupling is much smaller than that of tetrahedrally coordinated
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TABLE 4. Exchange Parameters for Manganese (II)
in Tetrahedral Environments

Compound J (em~¥) g Reference
Mny(BeSi0,):S —5.83 2.00 This work
Ba,MnS; —8.55 2.00 67
Ba;MnSe; —-6.81 2.03 67
B-MnS(cubic) —8.62 2.00 68
B#-MnS(hexagonal) -7.44 2.00 68
MnSiZnS -9.00 2.00 69
MnSiZn$S -9.00 2.00 70

Fe(II) in the 2Fe-2S ferredoxins [60]. In the reduced form of spinach ferredoxin, J

is annrnx:mafplv —100cm ™~ Anhferrnmaonetm rmm]mo is also much greater in

dl-p,-oxo-bndged Mn(I11, IV) dimers than in the MmS +6 center. For dl-y. 0XO0-
tetrakis(2,2 ' -bipyridine)dimanganese (III, IV) perchlorate dihydrate, J = —150
cm ~ L1 [61, 62]. This difference is consistent with measured bond distances in these
clusters. The Mn-O-Mn bridge is strongly covalent as judged by the MnO bond
distance (1 78-1.88 & fﬁ’)]\ whereas the Mn—-S—_Mn I\ndnn is Iarnnlv ionic IcAA

A% ivaar’ ivail U aNFaaav

above). The large measured difference in exchange couplmgs suggests an
experimental basis for differentiating di-u-oxo-bridged and S ~2-bridged struc-
tures.

We have found no evidence of significant exchange coupling between neighbor-

ino Mn.C+6 nantars in halvita The ranm tamnaratura EDD anantmim af (7n. MaQ)
llls AvVaiigws WwAWAIWI O 1l 1EWI VilWWw. 1llw 1VUVill u.;luy\dau.u\. Asd AN Oy\f\'ll Uil UL \Llll31'lll0}

centers in the Zn-rich end-number genthelvite has been recorded (not shown) and
exhibits several groups of well-resolved hyperfine multiplets. These highly
resolved spectra argue against the presence of significant long-range magnetic
couplings. In contrast, the room temperature ESR spectrum of the Mn-rich end
member, helvite, is broad and featureless.

The observed quadrupole splittings are strongly temperature dependent. AE,
becomes unresolvably small at room temperature, indicating effective tetrahedral
symmetry in the electron distribution. This high symmetry is also reflected in the
room temperature ESR spectrum of genthelvite, which contains highly resolved
fine and hyperfine struciure.

Madéssbauer spectra of the Fe(I);S *¢ cluster of danalite and the Mn;FeS +¢
cluster of helvite were recorded in order to characterize the Fe(Il) site of these
centers and to examine the possibility that Mdssbauer spectra would provide a
distinctive signature of-the structure. The 5'Fe isomer shifts of helvite and danalite
iie in the range 1.28-1.43 mm/sec, which is normal for teirahedraily coordinated
Fe(Il) in ionic crystals. Isomer shifts of ferredoxins are somewhat lower, ranging
from about + 0.0-0.3 mm/sec in the oxidized protein to slightly higher values in
the reduced form [63, 64]. Another interesting structure for comparative purposes
is the Q-Fe(I)-Q (Q = ubiquinone) complex found in reaction centers of the
photosynthetic bacierium R. sphaeroides [65]. An analogous complex has been
demonstrated on the reducing side of PSII in higher plants [66]. Fe(Il), which is
present exclusively in the ferrous oxidation state in this complex, exhibits isomer
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shifts in the range 1.83 mm/sec (190 K) to 2.19 mm/sec (4.2 K). These values are
shifted significantly to high velocity of those in Mn;FeS *¢ and are typical of
octahedral ferrous complexes.

Clearly, we cannot at this time offer the helvite manganese cluster as a model for
the photosynthetic manganese system. It is intriguing, however, that this system
occurs in nature, and that it forms under relatively mild conditions. We have
characterized its properties, to extend the range of possibilities that are considered
for model systems, to call attention to a structural motif for manganese that has not
yet been observed in synthetic systems, and to provide suitable data for
comparison purposes with other natural and synthetic clusters.
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