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A Mn(Il) =Mn(lll) EPR Signal Arises from the Interaction of NO with the State
of the Water-Oxidizing Complex of Photosysten Il
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ABSTRACT: It was shown recently [Goussias, C., loannidis, N., and Petrouleas, V. (Bd8dhemistry

36, 9261-9266] that incubation of photosystem Il preparations with NG-80 °C in the dark results in

the formation of a new intermediate of the water-oxidizing complex. This is characterized by an EPR
signal centered g = 2 with prominent manganese hyperfine structure. We have examined the detailed
structure of the signal using difference EPR spectroscopy. This is facilitated by the observations that NO
can be completely removed without decrease or modification of the signal, and illuminatiofiCat O
eliminates the signal. The signal spans 1600 G and is characterized by sharp hyperfine stiédre.
and'>NO cw EPR combined with pulsed ENDOR and ESEEM studies show no detectable contributions
of the nitrogen nucleus to the spectrum. The spectrum bears similarities to the experimental spectrum of
the Mn(I)=Mn(lll) catalase [Zheng, M., Khangulov, S. V., Dismukes, G. C., and Barynin, V. V. (1994)
Inorg. Chem. 33382—-387]. Simulations allowing small variations in the catalase-tensor values result in
an almost accurate reproduction of the NO-induced signal. This presents strong evidence for the assignment
of the latter to a magnetically isolated Mn(HMn(lll) dimer. Since the starting oxidation states of Mn

are higher than Il, we deduce that NO acts effectively as a reductant, e.g., MiH(JIl) + NO —

Mn(Il) =Mn(lll) + NO*. The temperature dependence of the nonsaturated EPR-signal intensity in the
range 2-20 K indicates that the signal results from a ground state. The cw microwave power saturation
data in the range48 K can be interpreted assuming an Orbach relaxation mechanism with an excited
state atA = 42 K. Assuming antiferromagnetic coupling2JS;-S,, between the two manganese ions,

Jis estimated to be 10 cth  The finding that an EPR signal from the Mn cluster of PSII can be clearly
assigned to a magnetically isolated MntMn(lll) dimer bears important consequences in interpreting

the structure of the Mn cluster. Although the signal is not currently assigned to a particular S state, it
arises from a state lower than, ossibly lower than & too.

Significant progress has been made recently in probing heimer and KleinT), and this has been recently reproduced
the lower S states of the water-oxidizing complex of and further characterized by Yamauchi et 8). (In another
photosystem I, PSR by EPR spectroscopy. The complex, recent advance, Goussias et ). lfave shown that incuba-
thought to be a cluster of four manganese atoms, undergoesion of PSIl membranes in the; State with NO at-30 °C
four one-electron oxidation state transitions;-Sy, ..., $— results in the formation of a new intermediate originating
S,;, during sequential absorption of photons by PSII (for from the Mn cluster. Its EPR spectrum, centered at 2,
reviews, see refd—5). Of the various S states, & the shows pronounced hyperfine structure with intense features
most extensively studied one based on the characteristicin the high-field region of the spectrum. Although the signal
multiline and alternative EPR signals (reviewed in @gflt can in principle be understood as being due to the interaction
has been considerably more difficult to probe the lower S of the spin'/, of the NO radical with the integer spin of the
states. An integer spin EPR signal @t= 4.8 has been g, state, redox equilibria of NO with the, State have been
reported earlier for the ;Sstate in parallel mode by Dex-  considered). The $ state, although a half-integer spin
state, has escaped detection until very recently. Messinger
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states of the water oxidising complex; tyg,¥yr Yp, the fast and slow of the signal, which consists of a large number of weak lines
tyrosine electron donors of PSII;AQQs, the primary, secondary  spaced over a spectral breadth of approximately 2400 G.

plastoquinone electron acceptors of PSII; cw EPR, continuous wave These new signals, in combination with the signals from the
electron paramagnetic resonance; MES\Z¥orpholineethanesulfonic !

acid]; chl, chlorophyll; ESEEM, electron spitecho envelope modula- higher S states, Offer strong experimental tools to test ear.li.er
tion; ENDOR, electron nuclear double resonance. proposals concerning structure and valence state composition
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and advance our understanding of the catalytic activity of

this unique Mn complex. a
In this report, we present a detailed characterization of

the signal resulting from the interaction of the$ate with x5

NO. Reliable representations of the signal over the full w’\f\/’

' b
spectral region are obtained by a number of EPR difference """\/\f\/\/\/\/\/\ll\,ﬁ \A/\/\/\A/\/W
techniques. Isotopic substitution studié¥\O for “NO,

reveal no contribution of the nitrogen nucleus. Spectral ¢
simulations provide clear evidence for the assignment of the
signal to a magnetically isolated MnHMn(lll) pair.

Power and temperature dependence indicate antiferromag- d

netic coupling and a ground-state origin of the signal. M\/\/\N\/\/\j\

MATERIALS AND METHODS LJVXSVWV\] e
PSll-enriched thylakoid membranes were isolated from

market spinach by standard procedur&® (3). Samples

for EPR mezlasurements vi/ere ;uspended in 0.4 M SUCTOSE, 0 2750 3000 320 3300 3750 000 4250
15 mM NaCl, 5 mM MgC}, and 40 mM MES, pH 6.5, at M tic Field (G

5—6 mg chl/mL (4 mm EPR tubes). The NO treatment was ) agnetic 'ef_ ( ) _ )
carried out anaerobically atC in the EPR tubes by slowly Ficure 1. The NO-induced multiline signal in samples incubated

. . 2 : initially with approximately 0.5-0.6 mM NO at—30 °C for longer
bubbling 4 mL of a mixture of NO and Nof %/5 v/v ratio, than 12 h. Comparison of difference spectra obtained (see text for

for 1 min._ The samples were Subseql_JentIy incubateeBé_I details): (a) after subtraction of the trace recorded following 5 min
°C overnight @). ™NO was synthesized from potassium incubation at—5 °C (this eliminates reversibly the signal), (b) as

nitrite (99% atomtSN obtained from Isotec Inc.). lllumina-  in panel a but after prior removal of NO (c) as in panel b but in the

tion of the samples was performed with a 340 W projection Presence of 1% viv methanol, (d) after removal of NO and
lamp filtered through a solution of CuSO subtraction of the trace recorded following illumination at®,

- ) (e) after subtraction of the trace prior to the prolonged incubation
Cw EPR measurements were obtained with a Bruker ER- at—30°C. EPR conditionsT = 11 K (6 K in panel a); microwave

200D-SRC spectrometer interfaced to a personal computerfrequency, 9.42 GHz; microwave power, 31 mW; modulation
and equipped with an Oxford ESR 900 (above 4 K), or ESR amplitude 25 G, (10 Gy in panel a).

10 cryostat (between 2 and 4 K), an Anritsu MF76A _ )

frequency counter, and a Bruker 035M NMR gaussmeter. Obtained by the methods described below. In all cases, the
Temperature calibration was achieved with the use of an Samples were incubated initially with approximately 0.6 mM
external thermocouple. Thermal gradients were withii 0.2 NO at—30 °C for longer than 12 h in order to develop a
between 4 and 10 K and within 0.8bove 10 K. Relatively ~ arge signal size. It should be noted that the amount ofMn
large temperature uncertainties were observed with the ESR'€l€ased during this or the treatments described below was
10 cryostat. Accordingly, the free NO peak in the= 2 negligible. . o .
region was used as an approxima‘[e internal standard for (a) It was 'noted ear“er thatthe multiline Slgnal IS reverSIny
temperature calibration, assuming Curie variation in the range!ost by a brief (1 min) warming up to &C (9). The same
2—4 K. In the study of the temperature dependence of the behavior is observed dur_lng a few minutes of |ncubat|on_at
microwave power saturation, the likely influence of the —5 °C. Background signals are not affected by this
modulation field amplitude orPi, was examined. No treatment. Figure la shows the difference spectrum resulting
significant dependence was observed in the range-&53 from th.e subtraction of the trace obtained after a brief
Gpp modulation amplitude. incubation at—5 °C.

Electron spir-echo experiments were carried with a  (b) The free NO peak ag = 2 interferes severely with
Bruker ESP 380 spectrometer equipped with a cylindrical the spectrum. We observed that the multiline signal after
dielectric resonator, an ESP 360 DICE ENDOR system, and its development is unaffected by the removal of NO. This
an ENI A500 rf amplifier. Electron spinecho envelope is accomplished by a few cycles of brief evacuation of the
modulation (ESEEM) datal@) were obtained by applying sample at 64 °C followed by flushing with N.  During
the three-pulsn/2-t-7/2-T-n/2-echo) sequence. The?2 evacuation, the signal is lost reversib_ly due to the high
pulse had a 16 ns duration. Pulsed electron nuclear doubleemperature of the treatment. Incubation of the sample at
resonance (ENDOR) spectra were recorded by applying the—30° C for about 30 min restores the full size of the signal.

Mims and Davis sequences5and references therein). Subtraction of the spectra from the last two treatments results
in the spectrum shown in Figure 1b.
RESULTS (c) The spectrum in Figure 1c was obtained in a similar

way with spectrum 1b, but methanol at 1% v/v was present
The isotopic substitution studies and the theoretical during the NO treatment. It was observed that methanol,
simulations presented in this paper require accurate measurewhich is essential for the appearance of tige ssgnal (10,
ments of the NO-induced multiline signal. Although the 11), decreases the size of the present signal but does not
signal is stronger than the,Snultiline (9), difference seem to affect the signal shape.
spectroscopy is required in order to distinguish clearly all  (d) Figure 1d is a dark minus light difference spectrum.
features of the spectrum. Figure 1 shows difference spectraA sample prepared as in spectrum b (dark) was illuminated



Accelerated Publications Biochemistry, Vol. 37, No. 11, 1998583

at 0 °C for 1 min (in the absence of exogenous electron

acceptors) and subsequently kept in darkness for 30 min at "“No
—30 °C (light). Hlumination eliminates the signal due to -/\/Vl\/\/W\/\"/\/J

advancement to higher S states (the photochemical activity

of the samples following the NO treatment will be examined 5No

in a forthcoming report), while the dark incubation-a80
°C serves both, to confirm elimination of the signal and to
depopulate higher S states (e.g) fhat could potentially
contribute to the background spectrum. The central part of
the spectrum containing a contribution from the light-induced
increase in signal Il was removed. The latter signal was
recovered after removal of NO since irreversible reactions No
leading to the formation of an iminoxyl radicdl@) proceed
very slowly at—30 °C (9).
(e) The spectrum of a sample incubated with NO for 30 h L
at —30°C is also shown, Figure le, after subtraction of the 2s;0 2750 3000 3250 3500 3750 4000 4250
spectrum during the first minutehof incubation with NO. Magnetic Field (G)
Although the central part of the spectrum containing ] . . . .
contributions from thg free NO signal (this signal decreases gﬁ;?nEef .Witcr:]?mrgr;snodnlsﬁfofh?hé\l (3p'ggru (;?e(tj OT?:]tg'Tj?ﬁesr'gﬂgf
during the prolonged incubation) has been removed, the outerspectra was obtained as in Figure 1a, while the lower set was
part exhibits a very good signal-to-noise ratio and was recorded after removal of NO as in Figure 1b. EPR conditiohs:
included for comparison. = 6 K; microwave frequency, 9.42 GHz, microwave power 126
Examination of the spectra in Figure 1 shows that the main MW (upper set of spectra) or 31 (lower set of spectra) and
: . . modulation amplitude 5 .
features are reproduced in the various preparations. Small
differences are observed in the individual peaks (beyond theNO with Tyr Yp*, showed a very pronounced (approximately
obvious ones mentioned above), and these should be keptl00%) isotopic effect (data not shown).
in mind when estimating (see below) the likely changes In the absence of strong couplings, a search for weaker
during isotopic substitution or the differences from the interactions was made by ENDOR and ESEEM spec-
theoretical simulation. General characteristics of the signal troscopies. Typically, hyperfine couplings up to a few tens
are the following. The NO-induced multiline signal has of Gauss are better resolved by ENDOROQ) while
sharp features and lies on a flat background. The high-field couplings of a few Gauss can be resolved by ESEEM (
limit of the spectrum is well-defined ending at 4100 G. The and references therein). The pulsed-ENDOR spectra of the
low-field lines are weaker, but close examination indicates Mn recorded across the multiline signal showed (data not
that the signal ends at 2500 G. The overall width of the shown) no evidence of nitrogen couplings in either'tinuO-
signal is accordingly 1600 G. or the>NO-treated sample. In the ESEEM spectra, a peak
Isotopic Replacement 8fNO with 1°NO. On the basis  at the nuclear Larmor frequency of tH& nucleus (1.5 MHz
of the well-known affinity of NO for metal centers it was at 3500 G), which is absent in tHéNO samples (data not
suggested in the earlier study that NO binds to the Mn cluster.shown), is the only difference resolved. This peak is
The multiline signal could accordingly be the result of spin attributed to distant®N nuclei from'>NO weakly interacting
coupling of the unpaired electron of NO with the Mn cluster with the spin of the manganese cluster.
or could result from Mn oxidation or reduction due to internal ~ The simplest interpretation of the absence of a detectable
charge transfer. The presence of NO or derivatives of it asisotopic effect, consistent with the earlier observatid®s (
ligands to the Mn cluster should in principle be detectable and the data to be presented below (see also the Discussion),
by ¥NO and*NO substitution studies. Although cw EPR is that NO binds slowly to the Sstate and transfers its
studies of the Smultiline signal have failed to detect unpaired electron to a Mnion, MA- NO — Mn"* + NO™.
nitrogen superhyperfine couplings®—19), the presence of  NO™ in turn diffuses away.
considerable electron spin density on NO should produce a Theoretical Simulations Indicate a Mn(HMn(lll) Dimer.
detectable isotopic effect. Weak couplings on the other hand The apparent similarity in the splitting of the hyperfine lines
should be detectable by ENDOR or ESEEM spectroscopies.between the present and therultiline (9) prompted us to
Samples treated withNO and'>NO were measured with  carry out simulations assuming a Mn configuration similar
cw EPR at different temperatures, modulation amplitudes, to the one giving rise to the ,Smultiline. This would
and microwave power values. The differences among the correspond to the case of NO acting as an oxidant (a very
isotopically substituted samples were in all cases very small. unlikely possibility; 9) or, approximately, to the case of
Two sets of spectra are shown in Figure 2. In the upper set,strong antiferromagnetic coupling of NO with one of the Mn
difference spectra were obtained as in Figure 1a. In the lowerions, Q) (a possibility not supported by the isotopic substitu-
set, NO was removed prior to the EPR measurements as irtion experiments above). We accordingly did rather exten-
Figure 1b. Apart from the central region, which suffers from sive simulations employing the approach of Zheng and
subtraction artifacts and has been removed, the differenceDismukes ) and assuming alternative configurations,
in the individual peaks are within the variations observed in 3Mn(l11) =1Mn(IV) or IMn(lll) =3Mn(IV). In all cases, the
the spectra from different preparations, Figure 1. As a deviations were significant.
control of the isotopic enrichment, samples prepared so as In searching over the literature, an interesting similarity
to develop a large iminoxyl radical, from the interaction of was observed with the spectrum of the Mn{Mn(lll)

14NO
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Table 1: Comparison of the Hyperfine and Zero-Field-Splitting Parameters of the NO-Induced Multiline Signal in PSII, with Those from the
Simulation of the Mn(Il}-Mn(lll) Catalase 22)

a. Hyperfine A(MHz), g Tensor Values, and Residuals (Sum of Squared Deviations in Amplitude
Divided by the Sum of Squared Amplitudes of the Data PoilRspf the Least-Squares Fitting

Mn(Il) Mn(lll)
(A AL A) (A A A) (9 9 %)
Aiso Aiso Oiso R %
PSII (NO induced) {553,—553,—765) (228, 228, 208) (1.970, 1.970, 2.011) 1.6
—625 220 1.983
Mn(l1,111) cat (—529,—502,—730) (222, 210, 236) (1.958, 1.965, 2.025) 3.6
—587 223 1.983
b. Calculated Intrinsic Hyperfin@(MHz) and Zero-Field-Splitting Parameters, as in28f
Mn(lll)
Mn(ll) (axy 8)
aiso aiso D/J D (cm™)
PSII (NO induced) —267 (-214,-111) 0.43 -4.3
—180
Mn(l1,11) cat —253 (207,—124) 0.47 <0
—179

parameters by following the same approach as i22efThe

results are listed in Table 1b. Included is also an estimate
EXPERIMENTAL of D based on the calculated value BfJ and the ap-
proximate value ofl from the analysis in the next section.
Microwave-Power and Temperature Dependence of the
Signal The continuous wave power saturation studies of
the NO-induced multiline signal, at various temperatures, are
illustrated in Figure 4. The data are fitted with the function
| = CPY3(1 + P/Py)%®, wherel is the amplitude of the
1

EPR signalC depends on the apparatus and the concentration
of the spinsP is the microwave power in mWRy, is the
power for half-saturation, and is the inhomogeneity
parameterZ3, 24). In all cases, the fitting procedure gave
a value of approximately 1 fd. The latter result and the
observation that the power saturation data are independent
of the modulation-amplitude range of values (see Materials
and Methods) imply that thBy,, values are approximately
proportional to the spinlattice relaxation rate, Tf (24).
The temperature variation of the spilattice relaxation
rate aboe 2 K isusually attributed to either of two relaxation
P T mechanisms, an Orbach (spilattice relaxation through an
M I excited state at energy above the ground state) or a Raman
agnetic Field (G) . ; .
(relaxation through a virtual excited state) procezs).(It
Ficure 3. Theoretical simulation of the NO-induced spectrum ghould be possible in principle to distinguish between the

assuming arS = 1/, state of a Mn(Il)>Mn(lll) dimer and the . . )
parameter values of Table 1. The experimental spectrum WastWo mechanisms, based on the different temperature de

obtained by incubation with ca. 0.6 mM NO &80 °C for 36 h pendence of the relaxation rateTdJ exp(-A/KT) for an
followed by removal of NO. The baseline for subtraction was Orbach process, T/ O T, 3 < n < 9, for a Raman process.
obtained by a 10 min incubation at5 °C. EPR conditions as in  This requires, however, very accurate relative temperature
Figure 1. determination (smallAT/T), which is not easy in low-
catalase fronThermus thermophilu@1, 22). We accord- temperature EPR spectroscopy. We have assumed, as was
ingly performed theoretical simulations assuming a Mafll)  done in similar studies of the,$nultiline (26—28, see also
Mn(lll) dimer and using as starting parameters those that 24), that in the temperature range of interest, &K, the
simulate accurately the catalase spectrum. To reduce theDrbach process dominates. Figure 4 (inset) shows the plot
number of parameters, we assumed axial symmetry. A broadof In Py, versus 1T (assuming an Orbach process) in the
search was made in the parameter space before a leastemperature range-28 K. The negative slope of the linear
squares procedure was applied. The parameters convergedfit is equal toA = 26 K (19 cnt?l). A similar analysis in a
to the values listed in Table 1a. The resulting theoretical more restricted temperature range;3K, results in a larger
spectrum is compared with the experimental one in Figure energy separatiom\ = 42 K (29 cnt?). Alternatively, an
3. The agreement is very good and strongly supports theanalysis assuming a Raman process (not shown) gives
assignment of the present signal to a Mr{iin(ll) dimer. 7,i.e.,Py, 0T, andn = 8 in the two respective temperature
The simulation parameters in Table la were used toranges. The variation in the fitting parameters may be due
calculate the intrinsic hyperfine and zero-field-splitting to the larger relative temperature uncertainties (see Materials

THEORETICAL




Accelerated Publications Biochemistry, Vol. 37, No. 11, 1998585

4|
3k
=
‘»
[
—_ 2
g2
S =
o
S~
N
o
(o] 1}
|
0
0
T(K)
Ficure 5: Reciprocal spectral intensity vs temperature plot under
01 0'2 0'3 0' " 0'5 nonsaturating conditions. Simulation curves are calculated assuming
Y ) thermal population of an excited spin quartet at 42 K (a), plus
. . . . . additional intensity loss due to an Orbach (b), or Raman (c), or
L L . . . et both relaxation mechanisms (d).
-4 -3 -2 -1 0 1 2 3

Log(P) the data above 15 K cannot be simulated assuming simple
Boltzmann statistics. It is difficult to estimate, however, at
FIGURE 4. Representative microwave power saturation data in the \yhat temperature broadening dominates the temperature

temperature range-28 K. Continuous traces are computer fits as . e
described in the text. (Inset) Fitting of tig, values assuming an variation, but the data can be used to set a lower limi to

Orbach process in an extended temperature range (dotted tracef approximately 20 K, which is compatible with the higher
and in the restricted range-8 K (continuous trace). value of A obtained by the Orbach analysis. To visualize

qualitatively the effect of the various factors that result in
and Methods) or to the contribution of additional relaxation the signal-intensity drop, we have constructed in Figure 5
mechanisms, below 4 K. Accordingly, the estimAte: 40 theoretical curves assuming that the Boltzmann variation in
K is probably more reliable. This is within the range of the signal intensity is further modulated by the factor 1/(1
energy separations expected for a Mn{Mn(lll) anti- + W), weredW is the relative broadening of the lines
ferromagnetically coupled dimer. In the case of the S due to relaxation. This follows from the approximate
multiline, the estimate oA is somewhat higher, 3®6) or assumption that the product intensitywidth of the lines at
36.5 28) cm™L. Of course no direct comparison can be made a given temperature remains constant regardless of the
since the latter signal results presumably from 4 interacting relaxation mechanism.6W in turn is assumed to be

Mn ions at high oxidation states. proportional to 1T,, which for an Orbach process varies as
The temperature dependence of the nonsaturated-signa®XP(A/KT) and for a Raman process & as was discussed
intensity is depicted in Figure 5 as the plot of €6 T. It is above. Trace a in Figure 5 is accordingly calculated

apparent that the EPR intensity follows Curie law behavior 85SUming simple Boltzmann temperature variation wAth

(1/1 O T) at low temperatures, implying that the state giving — 42 K, trace b assuming in addition broadening due to an
rise to the signal is a ground state, or at least it does not lie Orbach relaxation mechanism, trace ¢ assuming modulation
higher than ca2 K above the ground state. The plot shows ©f the Boltzmann variation by a Raman mechanisrs 8,

an increasing upward curvature at temperatures above abougnd trace d assuming modulation by both relaxation mech-
9 K. This can be due to thermal population of higher states @nisms. Apparently, the Raman mechanism dominates at
and/or relaxation broadening of the lines. The fact that l€mperatures above 15 K, but the data below 15 K can be

relaxation broadening dominates at higher temperatures isSimulated assuming a small contribution from the Orbach
suggested by the practically zeroing of the signal intensity relaxation mechanism (inducing a line broadening above ca.

at ca. 21 K and above. With two antiferromagnetically 9 K) in addition to the Boltzmann variation.

interacting spinsS; = 5, [Mn(ll)] and S = 2 [Mn(lll)],

—2JS;-S,, the first excited state (spin quartet) lies at an DISCUSSION

energyA = —3J and the next higher state (spin sextet) at A consistent picture, which arises from the previous
—8J = (8/3)A above the ground doublet state. Initial analysis is the following. There is no detectable contribution
simulations with variablé\ values (not shown) indicate that of NO to the NO-induced-multiline signal, and the signal
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can be reproduced theoretically assuming a Mn8E-(%/,)— excluded that NO or its derivatives may be bound on the
Mn(lll) (S= 2) antiferromagnetically coupled dimer. The EPR silent part of the Mn cluster. It is of note, however,
state producing the signal is a ground spin doublet. The first that, after the evolution of the signal, NO can be completely
excited spin quartet lies at abatit= 42 K (29 cml). The removed without any modifications of the signal shape or
exchange coupling of the two spins2JS,-S,, is estimated reduction of the signal size, Figure 1. On the contrary, we
accordinglyd = —A/3 ~ —10 cn1l, which is reasonable  have routinely observed that removal of NO eliminates the
for a Mn(Il)—Mn(lll) dimer. The hyperfine and zero-field- g = 4 signal (data not shown) originating from the binding
splitting parameters of the individual ions are listed in Table of NO to the acceptor side nonheme Fe(82) The present
1. signal has fewer hyperfine lines and reduced spectral breadth
A comparison of the Mn parameters in the present and compared to the recently reported signal from tlgessate
the Mn-catalase case in Table 1b, indicates a generaldetectable only in the presence of metharid), (L1). The
similarity in the two systems. The most notable difference presence of methanol does not modify the NO-induced
is in the hyperfine anisotropy of the Mn(lll), which appears signal, Figure 1c, except that it decreases its size. It is
to be enhanced in PSII, compared to the catalase or the modepossible then that the present signal results from a state lower
complexes examined ireR). This could indicate a lower than $, although the possibility that the two signals result
symmetry environment in the PSII Mn(lll), e.g. as a result from different isoelectronic configurations of $annot be
of constraints imposed by the bonding to the second pair of ruled out. Given the much larger spectral breadth of the
the Mn atoms. It should be noted, however, that the Sy* signal and the fact that the present signal is attributed to
calculation of the hyperfine values in Table 1b has assumeda Mn(ll)—Mn(lll) dimer, it is likely that the 3* signal results
that the intrinsic anisotropy of the Mn(ll) is negligibl22) from a magnetic tetramer.
and the observed anisotropy in thé/n(ll) values is totally
due to admixing with thé&s = 3/, excited state, which bears
the projected anisotropy of the Mn(Il12%). Regardless of Many thanks are due to Dr. Ch. Goussias for help in the
the pgrtlcular theoretical model, the fact that' the two initial stages of this work and Drs. M. Zheng and G. C.
experimental spectra can be almost accurately simulated bypigmkes for generously providing their EPR simulation
small variations in the same set of parameters is strong program 6), Dr. G. Schansker for helpful suggestions, and
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