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The reaction between Mn6L12 and Mg6L12 (L ) N,N-diethylcarbamate) results in isolation of heteronuclear complexes
MnnMg6-nL12. A series was prepared with different doping factors n by varying the Mn/Mg ratio in the crystallization
solutions. Single-crystal X-ray diffraction shows that MnMg5L12 is isostructural with Mn6L12 and Mg6L12. Magnetic
susceptibility data on the series MnnMg6-nL12 (n ) 1−6) are consistent with antiferromagnetic Mn‚‚‚Mn interactions.
At low n, the magnetic data demonstrate the formation of magnetically isolated Mn2+ centers. This was confirmed
by measurement of the EPR spectrum at a doping factor n ) 0.06 in solution, as a powder, and as single crystals.
These show hyperfine interactions consistent with isolated Mn2+. The EPR spectrum of Mn0.06Mg5.94L12 exhibits a
dominant signal at geff ) 4, and a wide series of less intense signals spanning 200−6000 G in the X-band regime.
This unusual behavior in a weak-field Mn2+ complex is attributed to the substantial distortions from cubic ligand
field geometry in this system. The geff ) 4 signals are attributed to a C2-symmetric hexacoordinate Mn2+ ion with
D > 0.3 cm-1 and E/D ) 0.33. The wide series is assigned to an axial C4v pentacoordinate Mn2+ site with D )
0.05 cm-1. Comparison of the geff ) 4 signals to the g ) 4.1 signals exhibited by the tetramanganese complex
in photosystem II belies the fact that they almost certainly arise from different spin systems. In addition, the similarity
of the spectrum of MnnMg6-nL12 to mononuclear Mn4+ complexes suggests that considerable care must be exercised
in the use of EPR as a fingerprint for the manganese oxidation state, particularly in manganese proteins where
molecular composition may not be precisely established.

Introduction

The electron spin properties of manganese have long been
of interest as a spectroscopic probe of manganese centers in
manganese proteins1-10 and as a spectroscopically active
surrogate for other divalent metal ions.11 The Mn(II) (S )
5/2) and Mn(IV) (S) 3/2) oxidation states possess Kramer’s
ground-state doublets and exhibit characteristic spin transi-
tions in the normal mode X-band regime. The Mn(III) state
(S) 2) has four unpaired electrons and typically exhibits a
pronounced Jahn-Teller distortion, which results in sub-
stantial spin-orbit coupling. As a result, mononuclear

Mn(III) centers are typically silent in the normal mode
(H1 ⊥ H0) regime, although they do show spin transi-
tions when measurements are made in the parallel mode
(H1 | H0) regime.12
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In weak ligand fields, Mn(II) centers give a single
transition atgeff ≈ 2, which is split into six hyperfine lines
by the55Mn nuclear spin (I ) 5/2). However, simple spectra
of this type are indicative of a cubic ligand field where the
zero-field splitting parameterD is negligible and all of the
∆Ms ) (1 transitions are degenerate as a result. For a small
but finite value forD, the degeneracy is removed and the
spectrum exhibits 5-fold fine structure.13 In more strongly
axial systems whereD is comparable tohν, high-spin d5 ions
such as Mn2+ and Fe3+ often exhibit tetragonal spectra with
g⊥ ≈ 6 andg| ) 2, a situation observed for many porphyrin,
phthalocyanin, and related complexes of Mn2+.14-16 Ligand
fields of lower symmetry are often characterized by a
rhombic signal atgeff ) 4.3, but this is typically observed
for relatively strong field ligands.15,17 Interestingly, Mn4+

complexes, which have a d3 configuration withS) 3/2, also
often exhibit signals betweengeff ) 4 andgeff ) 5.18 The
variety of EPR signals exhibited by Mn2+ in different
coordination environments and their similarity to other spin
systems mean that EPR spectra could be mistakenly assigned
to manganese in an incorrect oxidation state if care is not

taken to obtain corroborating evidence. General assignment
of the manganese oxidation state therefore requires that the
electron spin properties of Mn(II) in unusual ligand field
environments be fully understood. There are a number of
examples of molecular mononuclear Mn(II) centers in weak-
field environments whose EPR spectra have been ana-
lyzed,19,20but these tend to involve small structural distortions
that lead to small perturbations of the Zeeman terms. This
restriction is true of Mn2+-doped metal halides and oxides
as well.21,22 There are relatively few examples of molecular
Mn2+ centers in weak-field environments that are highly
distorted from idealized geometries.

We recently reported the preparation of a series of
polyheteronuclear coordination compounds of the general
form ConMg6-nL12

23 (L ) N,N-diethylcarbamate), in which
a hexanuclear core is supported by 12 diethylcarbamato
anions. These were prepared by simply mixing the homo-
nuclear derivatives Co6L12 and Mg6L12 in solution and
recrystallizing, which resulted in scrambling of the Co2+ and
Mg2+ ions between complexes. The Co2+ doping factorn
was controlled by the stoichiometry of the solution. The
M6L12 motif is unique in having pentacoordinate and
hexacoordinate sites for the metal ions that are both distorted
from idealized geometries.24,25Forn e 3, the Co2+ ions reside
exclusively in the pentacoordinate sites of the M6L12
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framework, which was attributed to the crystal field prefer-
ence of the d7 ion for the lower symmetry site.

A d5 ion such as Mn2+ will have no crystal field preference
and is expected to reside in both sites. Furthermore, at low
n, we expect the majority of Mn2+ ions to be magnetically
isolated. We have now prepared the analogous series of
hexanuclear compounds MnnMg6-nL12 doped with Mn2+ ions
instead. In this paper we report the preparation, structure,
and solid-state and solution EPR spectra and magnetic
properties of these compounds, which provides the op-
portunity to examine the EPR properties of Mn2+ in highly
distorted O5 and O6 ligand field environments.

Experimental Section

Materials and Methods.Diethylamine from Aldrich Chemical
was distilled from sodium hydroxide and stored over 4 Å molecular
sieves prior to use. Manganese chloride was obtained from Aldrich
and dried at 200°C for 2 days before being stored in a glovebox
under nitrogen. Infrared spectroscopy showed no evidence for
remaining waters of hydration. Tetrahydrofuran was distilled from
sodium benzophenone ketyl and stored under nitrogen. Hexane and
heptane were distilled from calcium hydride and also stored under
a nitrogen atmosphere. The precursor complex Mg6L12 was prepared
as described previously.26 EPR measurements were made in the
perpendicular mode configuration (H1 ⊥ H0) in the X-band
frequency region using a Bruker ELEXSYS E580 spectrometer
equipped with a Bruker 4102 rectangular cavity and Oxford ESR-
900 liquid helium cryostat. Magnetic susceptibility measurements
were made on an MPMS-5 SQUID magnetometer located at the
National Institute of Standards and Technology, Gaithersburg, MD.
Elemental microanalyses were performed by the Microanalysis
Laboratory at the School of Chemical Sciences, University of
Illinois.

Mn6L12. This preparation is a modification of the previous
literature preparation.24 Briefly, 15.08 g (120 mmol) of anhydrous
MnCl2 was combined with 250 mL of hexane under an atmosphere
of nitrogen. To this solution was added 50 mL (480 mmol) of
diethylamine. Then the flask was purged with carbon dioxide and
the mixture stirred under 1 atm of carbon dioxide for 24 h. The
white insoluble diethylammonium chloride salt was removed by
filtration under nitrogen. Slow evaporation of the filtrate gave 18.8
g of crude Mn6L12 as large blocklike crystals. Recrystallization from
hexane followed by washing with cold hexane gave 16.3 g (46%
yield) of pure Mn6L12. The complex was identified by its infrared
spectrum. IR (cm-1, KBr pellet): 2973, 2932, 1595, 1486, 1430,
1315, 1212, 1089, 802.

MnMg 5L12. In a representative preparation, a thick-walled
pressure flask was charged with 0.51 g (0.33 mmol) of Mg6L12,
0.12 g (0.070 mmol) of Mn6L12, and about 15 mL of heptane under
nitrogen. This sealed apparatus was heated to 110°C until all of
the solids had dissolved. Then the flask was slowly cooled to room
temperature over the course of 2 days, which resulted in the
formation of colorless blocklike crystals having the nominal
composition MnMg5L12. Anal. Found (Calcd): Mn, 4.1(3.5); Mg,
7.8(7.7). IR (cm-1, KBr pellet): 2963, 2932, 1618, 1491, 1429,
1318, 1219, 1089, 805. Compounds having differentn values were
prepared by the same method but by varying the ratio of Mn6L12

to Mg6L12 in the reaction mixture. All of the compounds gave

essentially identical infrared spectra. Preparative and compositional
data on these other materials are presented in Table 1.

X-ray Crystallography. X-ray measurements on MnMg5L12

were made using a Bruker SMART APEX instrument with CCD
detection. Cell refinement was accomplished using Saint 6.02.
Structure solution utilized SHELXS-97, and refinement ofF2 against
all reflections utilized SHELXL-97. The Mn/Mg occupancy in both
metal ion sites was permitted to float independently. The general
site yielded a Mn/Mg ratio of 0.2073(18)/0.7927(18), and the special
site yielded a Mn/Mg ratio of 0.069(2)/0.931(2). This results in a
net stoichiometry of Mn0.97Mg5.03L12 determined from X-ray
diffraction. The ethyl group represented by the C8-C9/C8′-C9′
pair is disordered in the ratio 0.886(9)/0.114(9), respectively. It
should also be noted that the unusually large shift/esd ratio in the
final refinement is due to the largest correlation matrix elements
related to C8 and C8′. This is because C8 and C8′ occupy nearly
the same space, and it was not possible for the refinement to settle
uniquely. Details of X-ray data collection and refinement are
presented in Table 2 and in the Supporting Information.

Results and Discussion

The structure of MnMg5L12 determined from single-crystal
X-ray diffraction confirmed that the complex consists of
discrete M6L12 units, Figure 1, and is isostructural with
previous materials of this structure type.23-26 The molecular
framework consists of six metal ions residing in two
symmetry-inequivalent sites, indicated by the green and
orange ellipsoids in Figure 1. The four terminal metal ions
(orange) are pentacoordinate, and the ligand environment is
best described as a distorted square pyramidal arrangement,
as indicated by a value for the trigonality indexτ ) 0.40.27

The two central metal ions (green) are hexacoordinate but
have a geometry highly distorted from octahedral. The
coordination polyhedra of the metal ions are linked to form
two intertwined trimeric units cross-linked by the diethyl
carbamate ligands. This gives the molecular unit its char-
acteristic helicalD2 symmetry. The space group is cen-
trosymmetric because the unit cell consists of equal numbers
of right-handed (∆) and left-handed (Λ) helical configura-
tions that are arranged in alternating layers related by a
crystallographic inversion center.

From refinement of the X-ray data, we determined the
mole fractionmpenta of Mn2+ in the pentacoordinate site to
be 0.21 with the corresponding occupancymhexa in the

(26) Caudle, M. T.; Nieman, R. A.; Young, V. G.Inorg. Chem.2001, 40,
1571-1575.

(27) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.
C. J. Chem. Soc., Dalton Trans.1984, 1349-1356.

Table 1. Compositional Data on MnnMg6-n(O2CNEt2)12 Complexes

nominal composition
MnnMg6-n

a nb nc xd xe

Mn6 6.0 0.007 0
Mn5Mg1 5.3 5.0 0.068 0.033
Mn4Mg2 4.1 4.1 0.14 0.12
Mn3Mg3 2.9 2.8 0.24 0.27
Mn1Mg5 1.1 1.1 0.63 0.70

a Based on the preparative ratio.b Determined from elemental mi-
croanalysis data on single crystals.c Determined from the slope of 1/ø vs
T plots. d Determined from they intercept of theøT vs T plot, wherey
intercept/4.375) x. e Determined from speciation equilibria and eq 1.
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hexacoordinate site to be 0.069. The net doping factorn )
4mpenta+ 2mhexa) 0.97, which is in good agreement withn
) 1.1 determined from compositional microanalysis and with
n ) 1.05 expected on the basis of the Mn/Mg ratio in the
preparative reaction mixture. The fraction of Mn2+ in the
hexacoordinate site is given by 2mhexa/(4mpenta+ 2mhexa) )
0.14, so that at low Mn/Mg ratios we generally expect about
14% of the total Mn2+ to reside in the hexacoordinate site.
The data in Table 1 forn show that the experimentally
determined composition is generally reflective of the com-
position of the reaction mixture, so that the preparative
methodology we have developed permits rational synthesis
of heteronuclear Mn/Mg complexes having any value forn.

The 3-fold larger Mn occupancy in the pentacoordinate
site reveals a clear preference for the Mn2+ to reside in this
site relative to the hexacoordinate site since the lack of a
site preference would yield identical occupancies in both
sites. The difference in relative site occupancy is informative
regarding the nature of the metal ion distribution in the

crystal. A crystal consisting of randomly distributed but intact
Mn6L12 and Mg6L12 units must show identical Mn occupan-
cies in the two sites that reflect the net ratio Mn6L12/Mg6L12.
Nonequivalent occupancies for the hexacoordinate and
pentacoordinate sites can only arise from a differential
distribution of Mn2+ ions within individual molecular units,
which in turn can only result from net scrambling of metal
ions between M6L12 units. These two situations are illustrated
schematically in Figure 2. Statea represents the result of
randomization of Mn2+ at a purely crystallographic level,
without scrambling between molecular units. Stateb repre-
sents the result of additional randomization of Mn2+ at the
molecular level. Even if the two states are enthalpically
identical, stateb has a larger number of statistical degrees
of freedom. As a result, there is a driving force for
randomization of statea to give stateb that results from the
entropy of mixing. If the Mn2+ distribution were entirely
random, there would be no difference in pentacoordinate and
hexacoordinate site occupancies and statesa and b would
not be distinguishable. The chemical basis for the metal ion
site preference is not immediately obvious since the d5 Mn2+

ion has a spherically symmetric electronic configuration and
should exhibit no preference on the basis of ligand field
energies. We showed previously that Co2+ resides exclusively
in the pentacoordinate site,23 which was ascribed to the more
favorable ligand field energy of the d7 ion in an idealized
square pyramidal environment. The fact that 14% of the
Mn2+ resides in the hexacoordinate site therefore may
indicate the lack of ligand field energy in the present case.
The ionic radii of Mn2+ (97 ppm) and Mg2+ (89 ppm) are
different,28 which might also account for the modest prefer-
ence of the larger Mn2+ ion for the pentacoordinate site.

(28) Shannon, R. D.Acta Crystallogr.1976, A32, 751.

Table 2. Single-Crystal X-ray Diffraction Data Collection and Refinement for MnMg5(O2CNEt2)12

empirical formula C60H120Mn5.04Mg0.96N12O24 temp (K) 298(2)
fw 1569.10 λ (Å) 0.71073
cryst size (mm) 0.22× 0.18× 0.08 no. of measured reflns 33519
cryst syst orthorhombic no. of independent reflns 3817
space group Ccca no. of obsd reflns 1824
color colorless Rall

a 0.0962
a (Å) 20.6773(12) Robsd

a 0.0459
b (Å) 25.2183(14) wRall

a 0.1288
c (Å) 16.5171(9) wRobsd

a 0.1137
V (Å3) 8612.8(8) GOF 0.839
Z 4

a Refined onFo
2.

Figure 1. ORTEP drawing of the molecular unit in MnMg5L12 showing
atomic positions in the M6 core. Ethyl groups have been omitted for clarity.
Only relevant symmetry-related atoms are labeled. The green ellipsoids
represent the hexacoordinate sites, and the orange ellipsoids represent
pentacoordinate sites. Bond lengths (Å): M(1)-O(1), 1.996(3); M(1)-O(2),
2.136(2); M(1)-O(3), 1.969(2); M(1)-O(5), 2.088(2); M(1)-O(6′),
2.011(2); M(2)-O(4), 2.022(2); M(2)-O(2), 2.087(2); M(2)-O(5),
2.174(2); M(1)‚‚‚M(1′), 3.42; M(1)‚‚‚M(2), 3.17; M(2)‚‚‚M(2′), 4.48. Bond
angles (deg): O(3)-M(1)-O(6′), 122.18(9); O(5)-M(1)-O(3), 98.32(9);
O(5)-M(1)-O(6′), 137.32(8); O(1)-M(1)-O(2), 161.05(9); O(4)-M(2)-
O(2), 85.93(7); O(4)-M(2)-O(4′), 87.48(12); O(5)-M(2)-O(5′),
155.44(10).

Figure 2. Schematic representation of metal ion mixing in M6L12 at the
crystallographic level (a) vs the molecular level (b).
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The interaction between Mn6L12 and Mg6L12 to give
mixed-metal complexes can be modeled as a series of
formation equilibria as shown in Scheme 1, where each circle
represents a metal site in the complex and the yellow and
gray shading indicates a site occupied by a Mn2+ or Mg2+

ion, respectively. We assume that there is a minimal enthalpic
driving force for metal ion scrambling, and we make the
approximation that Mn2+ ions are randomized between the
hexacoordinate and pentacoordinate sites. Under these re-
strictions, the equilibrium constant for each reaction can be
derived from a simple statistical accounting of the relative
number of permutations in the reactant and product states.
For example, there are six possible ways to construct the
Mn5MgL12 complex corresponding to the six possible sites
in which the Mg ion might reside. There is only one possible
permutation of the reactant state, soKeq ) 6, which is equal
to the number of product permutations divided by the number
of reactant permutations. The remainingKeq values were
determined accordingly. Scheme 1 yields a series of simul-
taneous equations relating the concentrations of each species,
and these can be solved for any ratio of Mg to Mn to yield
the normalized speciation diagram in Figure 3. This diagram
models both solution and solid-state speciation in the
MnnMg6-nL12 system, and thus provides a useful framework
for understanding EPR and magnetic susceptibility data
collected on these compounds. Most germane to the present
study, the fractionx of Mn2+ in isolated sites can be
determined from the speciation equilibria using eq 1. The

coefficients in eq 1 arise from the fact that, in molecular
units having between two and four manganese ions, a fraction
of configurations exist that isolate one or more ions, and
these will also contribute tox, Scheme S1 in the Supporting
Information.29 Mn2+ ions are considered isolated if the
Mn‚‚‚Mn distance is greater than 4.0 Å and are considered

coupled if the Mn‚‚‚Mn distance is less than 3.5 Å. Values
for x determined by inserting speciation data from Figure 3
into eq 1 are presented in Table 1.

Temperature-dependent magnetic susceptibility data for
compounds MnnMg6-nL12 having different n values all
exhibit Curie-Weiss behavior with linear plots of 1/ø vs
T.29 For a multinuclear complex containingn d5 metal ions,
the slope of the 1/ø vs T plot is given by 1/R, whereR is
given by eq 2.30 A plot of R vs n gives an intercept of zero

and a slope of 4.40, demonstrating very good agreement with
eq 2, Figure S1 in the Supporting Information.29 Figure 4
shows plots oføT/n as a function of temperature. The data
for all complexes are consistent with antiferromagnetic
coupling of the Mn2+ ions sinceøT/n decreases monotoni-
cally with decreasing temperature. The net magnetic sus-
ceptibility øT is a weighted sum of the paramagnetism of
isolated Mn2+ ions (øisolatedT) and of the antiferromagnetism
(øcoupledT) from clusters of magnetically coupled Mn2+ ions,
as shown by eq 3.

In principle, eq 3 can be fit to the data in Figure 4 by(29) Deposited in the Supporting Information.

Scheme 1

x ) 1
[Mn] tot

(c1 + 0.60c2 + 0.30c3 + 0.13c4) (1)

Figure 3. Speciation plot of the Mn6L12 + Mg6L12 system showing the
normalized fraction of manganese present in each molecular species. For
each species MnnMg6-nL12, the fraction of Mn) (ncn)/[Mn] tot. Key: b,
Mn6L12; O, Mn5MgL12; 9, Mn4Mg2L12; 0, Mn3Mg3L12; ], Mn2Mg4L12;
[, MnMg5L12.

Figure 4. Magnetic susceptibility of MnnMg6-nL12 as a function of
absolute temperature:b, Mn6L12; O, Mn5MgL12; 9, Mn4Mg2L12; 0, Mn3-
Mg3L12; [, MnMg5L12.

R ) 4.375n (2)

øT ) (x)øisolatedT + (1 - x)øcoupledT (3)
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assuming Curie behavior forøisolated and a Heisenberg
exchange Hamiltonian forøcoupled. Calculation of the former
is straightforward, but calculation oføcoupledpresents a number
of difficulties. Approaches do exist for the calculation of
spin levels in polynuclear complexes including a number of
hexanuclear architectures,31 but this still remains an advanced
problem, especially when more than oneJ coupling param-
eter must be included. In addition, the speciation diagram
shows that a mixture of MnnMg6-nL12 species is present
except under conditions where [Mg] is either large or very
small. An exact solution to eq 3 would therefore require that
each individual species present be treated. It is therefore
unlikely that a rigorous analysis of the magnetic data in the
context of eq 2/eq 3 would yield quantitatively meaningful
values forJ coupling parameters.

Equation 3 is qualitatively instructive in interpreting the
normalizedøT vs T plots in Figure 4, however. When [Mg]
, [Mn], Mn6L12 is the dominant species, sox is near zero.
In this case the net magnetic susceptibility is dominated by
the temperature-dependent termøcoupledT. Since the ground
state of an antiferromagnetically coupled Mn6L12 complex
hasS ) 0, øT extrapolates to zero asT approaches zero as
shown by the closed circles. When [Mg]. [Mn], MnMg5L12

dominates andx is near unity. Under these conditions,øT
will be temperature-independent sinceøT ≈ øTisolated) S(S
+ 1)Ng2â2/3k. For intermediate cases where [Mg] is com-
parable to [Mn], a mixture of species exist andøT is the
superposition of the temperature-dependentøTcoupledarising
from antiferromagnetically coupled polynuclear Mn2+ species
and the temperature-independentøTisolatedarising from mag-
netically isolated Mn2+ ions. As a result, theøT vs T plots
do not extrapolate to zero atT ) 0 except for low Mg2+

content samples, and they intercept thus permits an estimate
of x. These values compare favorably withx calculated using
eq 1, Table 1. Thus, the magnetic data in Figure 4 show a
continuum of magnetic behavior as a function of Mg2+

content, which is only consistent if metal ion scrambling
results in generation of isolated Mn2+ ions.

The X-band EPR spectrum of Mn6L12 at 100 K in frozen
solution consists of a single broad signal centered atgeff )
2, Figure 5a, which is consistent with weakly antiferromag-
netically coupled Mn2+ ions. When a 100-fold excess of
Mg6L12 is added to a solution of Mn6L12, the spectrum
changes dramatically, Figure 5b. The dominant signal now
appears between 1400 and 2000 G, and at low temperature
this signal shows hyperfine interactions absent in the original
spectrum of Mn6L12. Control experiments show that Mg6L12

exhibits no EPR signals by itself, indicating that it contains
no Mn2+ impurities. Therefore, the new signals must arise
from the interaction between Mg6L12 and Mn6L12. As the
temperature is decreased to 5 K, the spectrum above 2000
G broadens and a weak new signal appears at 800 G, Figure
5c. This latter signal exhibits a well-defined six-line hyperfine

interaction, indicating that it arises from a spin-isolated Mn2+

ion with geff ) 8.3. This is unlikely to be the result of
decomposition to a mononuclear Mn2+ species since these
typically exhibit a six-line signal atgeff ) 2 in the X-band
spectrum. The 1400-2000 G signal exhibits a complex
hyperfine structure consisting of a minimum of 13 lines, but
the hyperfine spacing is not constant. Thus, it is unlikely
that this signal arises from a single multinuclear Mn2+ center.
Rather, the signal is more consistent with two or more
overlapping six-line signals that arise from isolated Mn2+

ions. Spin isolation results when a molecular unit contains
only a single Mn2+ ion or when it contains two Mn2+ ions
in well-separated sites. In either case, formation of spin-
isolated Mn2+ ions requires scrambling of individual Mn2+

and Mg2+ ions between the hexanuclear molecular units in
solution. These data are therefore consistent with the
magnetic data in demonstrating the net exchange of indi-
vidual Mn2+ ions between hexanuclear clusters. This is also
consistent with the speciation diagram, which shows that,
under the conditions of the EPR experiment where Mn/Mg
) 0.01, 95% of all of the Mn2+ exists as MnMg5L12, and by
eq 1, 98% resides in isolated sites. We can therefore conclude
that the EPR signals we observe originate from Mn2+ ions
in these isolated sites.

Crystallization from a solution containing Mn6L12 and
Mg6L12 in a 1/100 ratio gives single crystals of nominal
composition Mn0.06Mg5.94L12. The powder obtained by crush-
ing a single crystal of this material gives the EPR spectrum
shown at the top of Figure 6. It is qualitatively similar to
the solution spectrum in showing a dominant multiline signal
centered at about 1600 G, which shows well-resolved
hyperfine structure in the powder spectrum. The intense
signals in this range henceforth will be referred to collectively
as thegeff ) 4 signals. The spectrum also exhibits a less
intense group of signals spanning the entire field range up
to 6000 G. These signals, referred to as the wide signals,

(30) Kahn, O.Molecular Magnetism; VCH Publishers Inc.: New York,
1993.

(31) Gatteschi, D.; Pardi, L. InResearch Frontiers in Magnetochemistry;
O’Connor, C. J., Ed.; World Scientific: River Edge, NJ, 1993.
Caneschi, A.; Cornia, A.; Fabretti, A. C.; Foner, S.; Gatteschi, D.;
Grandi, R.; Schenetti, L.Chem.sEur. J. 1996, 2, 1379-1387.

Figure 5. X-band (9.4 GHz) EPR spectra in frozen CHCl3, 5.0 G field
modulation amplitude, 100 kHz modulation frequency, 1024 data points
collected: (a) 1 mM Mn6L12, T ) 100 K, 2.0 mW power; (b) 1 mM Mn6L12

+ 100 mM Mg6(L)12, T ) 100 K, 2.0 mW power; (c) 1 mM Mn6L12 +
100 mM Mg6L12, T ) 5 K, 1.0 mW power.
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show evidence of hyperfine interactions as well. The
hyperfine structure in thegeff ) 4 and wide signals becomes
even more resolved when a spectrum is measured on a single
crystal, Figure 6a. This includes obvious six-line55Mn
interactions at 1700 and 4000 G, which confirm that the
Mn2+ ions are magnetically isolated in the solid state.
Furthermore, the wide signal is resolved into discrete signals
at 750, 2850, 3900, and 4950 G components in the single
crystal, and the EPR absorbance spectrum indicates a fifth
component of the wide signal that lies beneath thegeff ) 4
signals at about 1800 G. Thus, the solution-state, powder,
and single-crystal EPR spectra are in agreement with the
magnetic data in suggesting the formation of isolated Mn2+

ions from the reaction of Mn6L12 with excess Mg6L12.
The single-crystal EPR spectrum exhibits a marked angular

dependence as shown by Figure 6. This arises from the
orthorhombic crystal structure in which each molecular unit
has its longC2 axis aligned parallel with the long axis of
the unit cell. As the single crystal is rotated with respect to
the field, changes in thegeff ) 4 signal occur with a
periodicity of 90°, and this permits resolution of at least three
distinct six-line components contributing to the spectrum in
thegeff ) 4 region. The most intense of these is centered at

1813 G (geff ) 3.7) with an 84 G hyperfine interaction. Two
other signals are identified at 1620 (geff ) 4.1) and 1540
(geff ) 4.3) G with 87 and 90 G hyperfine interactions,
respectively. The wide signal also changes upon reorientation
in the magnetic field. Notably, the components at 2800 and
4000 G in Figure 6a migrate to higher field first and then to
lower field as the crystal is rotated. The high-field and low-
field signals at 5000 and 800 G also undergo a periodic
change as a function of crystal orientation.

The EPR spectrum of Mn0.06Mg5.96L12 can be qualitatively
understood in the context of the spin Hamiltonian in eq 4,
which neglects the nuclear hyperfine interactions. The

parametersD and E represent the axial and rhombic
perturbation of the Zeeman term. IfD andE are both zero,
then the only contributor to the spectrum is the first-order
Zeeman term and the result for Mn2+ is an isotropic spectrum
with a single six-line signal withgeff near 2.0. This is typical
of manganese in highly cubic coordination environments and/
or in weak ligand fields. Axial systems for whichE ) 0 but
0 < D e gâH show five equally spaced fine structure
transitions separated in field byHi - Hi-1 ) 2D/gâ.13 The
components of the wide signal exhibit behavior consistent
with 0 < D e gâH. The averageH spacing is 1050(71) G,
giving |D| ) 0.05 cm-1, which is the zero-field splitting
parameter forH parallel to the tetragonal axis. We cannot
determine the sign ofD from this analysis. A zero-field
splitting parameter of this magnitude has been observed for
carboxylatomanganese(II) complexes,20,22 and is consistent
with weak mixing of the6A1g ground state with anS) 3/2
excited state. States of suitable A1 symmetry arise directly
from a cubic ligand field or from tetragonal splitting (D4h or
C4V) of a high-energy4Eg state, as shown by the partial
correlation diagram in Chart 1. However, even for strong
tetragonal splitting the6A1 f 4A1 gap is large, resulting in
poor overlap of these states and a small value forD. Theg
value derived from theMs ) -1/2 f +1/2 transition is 2.2,
which refers to the specific orientation of the field relative
to the molecular axes, and is probably the result of an
anisotropicg tensor in this system. The EPR signals are
broadened in the powder spectrum, consistent with an angular
dependence that arises from an anisotropicg tensor. This
interpretation implies a weak axial ligand field of ap-
proximateD4h or C4V symmetry for the Mn2+ ions giving
rise to these signals, which is most consistent with the
pentacoordinate site in the complex, Figure 7a, where the
unique axis lies along the Mn-O(3) vector.

Signals neargeff ) 4 arise in d5 systems whenD andE
are both comparable togâH. More specifically, it arises for
rhombically distorted fields whenE/D ≈ 1/3, which is the
case for a purely rhombic system (E/D ) 0 for axial systems).
This situation has been well-studied in Fe3+ systems but has
not been as extensively examined in Mn2+ complexes. In
this case, the primary contributor to the EPR spectrum is
the middle Kramer’s doublet arising from admixture of aJ

Figure 6. X-band (9.4 GHz) EPR spectra of Mn0.06Mg5.94L12 in the solid
state at 100 K, 10 mW power, 8.0 G field modulation, and 100 kHz
modulation frequency. The single crystal is oriented with the long axis
perpendicular toH. The angleφ corresponds to rotation about this axis.
The initial orientation (a) is at arbitraryφ. Single-crystal spectra (b-h) were
measured for values ofφ relative to that of (a). Key: (a)φ ) 0°; (b) φ )
20°; (c) φ ) 40°; (d) φ ) 50°; (e) φ ) 60°; (f) φ ) 70°; (g) φ ) 80°; (h)
φ ) 90°. The powder spectrum was measured at 100 K, 1.0 mW power,
4.0 G field modulation, and 100 kHz modulation frequency.

H ) gâH‚S + D[Sz
2 - 0.33S(S+ 1)] + E[Sx

2 - Sy
2] (4)

Caudle et al.

512 Inorganic Chemistry, Vol. 43, No. 2, 2004



) 5/2 excited state into the6A1 ground state.32 This type of
spectrum requires thatD/hν > 1, which means that, for the
X-band regime,|D| g 0.3 cm-1. D values in this range are
regularly observed in high-spin Fe3+ and Mn2+ porphyrin
complexes,14-16 and in rhombic systems having localC2 or
D2 symmetry imposed by relatively strong field ligands.15

The larger zero-field splitting can be attributed to a low-
lying 4A excited state that can mix more effectively with
the 6A ground state inC2-symmetric systems, Chart 1. This
induces a larger value forD than in the preceding case and
results in a nearly isotropicg value near 4.32 The geff ) 4
signals are therefore most consistent with a rhombicC2

symmetric site, and are thus assigned as arising from the
Mn2+ ions residing in the hexacoordinate site, Figure 7b,
which has a localC2 site symmetry. EPR signals neargeff )
4.3 have been observed previously only in complexes having
one or more medium-field to strong-field ligands,16 so it is
surprising that we observe this type of signal in the
homoleptic carbamato system consisting entirely of weak-
field ligands. The present data therefore indicate that weak-
field ligands can have a substantial impact on the EPR

spectroscopy of Mn2+ complexes if the structural distortion
is sufficiently large.

Thegeff ) 4 signals in the spectrum of MnnMg6-nL12 bear
special comment in the context of the extensive literature
relating to the EPR spectroscopy of the water-oxidizing
manganese cluster in photosystem II. The cluster consists
of four manganese ions that can be cycled through three
stable oxidation states, S0-S3, followed by one unstable state,
S4.10,33Oxidation to this terminal state results in the evolution
of oxygen. EPR signals have been observed for all of the
stable Sn states, although only the S0 and S2 states exhibit a
spectrum in the normal perpendicular mode X-band regime.
Thus, these signals are often used to monitor the system when
it is cycled through the S states by single flash illumination.
Illumination of the resting state, S1, results in oxidation by
one electron to give the S2 state, which typically exhibits a
multiline feature atg ) 2.34-36 This is to be expected for an
antiferromagnetically coupled manganese cluster having an
odd number of electrons, where one expects ag ) 2 signal
to arise from theS ) 1/2 ground state of the multinuclear
system. However, under certain illumination conditions, an
alternative signal appears atgeff ) 4.1,35-37 and there was
initially considerable speculation about the origin of this
signal. While the results of the present study might lead to
speculation that thegeff ) 4.1 signal in photosystem II arises
from a mononuclear Mn2+ site, it was shown early on that
addition of ammonia during illumination results in ag )
4.1 signal having at least 14 contributing hyperfine lines.38

Thus, it could not arise from a mononuclear manganese
center. A number of other experiments on thegeff ) 4.1
signal point to its origin in theS ) 3/2 state of a Mn(IV)
center36 or theS ) 5/2 excited spin states of an antiferro-
magnetically coupled manganese complex.39 Comparison of
the EPR data on photosystem II with the EPR spectra in
Figures 5 and 6 therefore highlights the fact that very
different manganese complexes utilizing different spin mech-

(32) Blumberg, W. E. InMagnetic Resonance in Biological Systems;
Ehrenberg, A., Malmstro¨m, B. G., Vänngård, T., Eds.; Symposium
Publications Division; Pergamon Press: Oxford, 1967; Vol. 9.

(33) Vrettos, J. S.; Brudvig, G. W.Philos. Trans. R. Soc. London, Ser. B
2002, 357, 1395-1405. Goussias, C.; Boussac, A.; Rutherford, A.
W. Philos. Trans. R. Soc. London, Ser. B2002, 357, 1369-1381.
Renger, G.Biochim. Biophys. Acta2001, 1503, 210-228.

(34) Abramowicz, D. A.; Dismukes, G. C.Biochim. Biophys. Acta1984,
765, 318-328. Haddy, A.; Aasa, R.; Andreasson, L. E.Biochemistry
1989, 28, 6954-6959. Sivaraja, M.; Dismukes, G. C.Isr. J. Chem.
1988, 28, 103-108. Aasa, R.; Hansson, O.; Vaenngaard, T.Prog.
Photosynth. Res., Proc. Int. Congr. Photosynth., 7th1987, 1, 577-
580. Hansson, O.; Andreasson, L. E.Biochim. Biophys. Acta1982,
679, 261-268. Dismukes, G. C.; Siderer, Y.Proc. Natl. Acad. Sci.
U.S.A.1981, 78, 274-278.

(35) De Paula, J. C.; Beck, W. F.; Brudvig, G. W.J. Am. Chem. Soc.1986,
108, 4002-4009. De Paula, J. C.; Innes, J. B.; Brudvig, G. W.
Biochemistry1985, 24, 8114-8120.

(36) Hansson, O.; Aasa, R.; Vaenngaard, T.Biophys. J.1987, 51, 825-
832.

(37) Andreasson, L. E.; Hansson, O.; Von Schenck, K.Biochim. Biophys.
Acta1988, 936, 351-360. Cole, J.; Yachandra, V. K.; Guiles, R. D.;
McDermott, A. E.; Britt, R. D.; Dexheimer, S. L.; Sauer, K.; Klein,
M. P. Biochim. Biophys. Acta1987, 890, 395-398. Ono, T.;
Zimmermann, J. L.; Inoue, Y.; Rutherford, A. W.Biochim. Biophys.
Acta 1986, 851, 193-201. Zimmermann, J. L.; Rutherford, A. W.
Biochemistry1986, 25, 4609-4615. Casey, J. L.; Sauer, K.Biochim.
Biophys. Acta1984, 767, 21-28.

(38) Kim, D. H.; Britt, R. D.; Klein, M. P.; Sauer, K.J. Am. Chem. Soc.
1990, 112, 9389-9391.

(39) Haddy, A.; Dunham, W. R.; Sands, R. H.; Aasa, R.Biochim. Biophys.
Acta 1992, 1099, 25-34.

Figure 7. Coordination environments about metal sites M(2) (a) and M(1)
(b). Refer to Figure 1 for bond lengths and angles.

Chart 1
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anisms can give rise to compelling similar EPR spectra. As
a result, some care must be utilized when using EPR as a
fingerprint for the structure and oxidation state in manganese-
containing complexes and proteins.

Summary

Reaction between the isostructural hexanuclear Mn6L12 and
Mg6L12 complexes results in scrambling of metal ions and
formation of mixed complexes of the form MnnMg6-nL12.
At sufficiently low doping factorn, magnetic susceptibility
measurements show that this gives Mn2+ ions that are
magnetically isolated from other Mn2+ ions. The solution
and solid-state EPR spectra give a sharp and intense set of
geff ) 4 signals and a broad and less intense set of signals
from 200 to 6000 G. These are ascribed to the Mn2+ ions
residing in the hexacoordinate and pentacoordinate sites,
respectively. The EPR spectrum was qualitatively explained
in terms of the ligand field geometry around the two different

sites. This system appears to be a rare example of how
distortion in a weak ligand field can profoundly influence
the EPR spectrum of molecular Mn2+ complexes. It is
therefore germane in the context of the large body of EPR
spectroscopic data on manganese proteins. The uniquegeff

) 4 signals were discussed in the context of the EPR
spectroscopy on the tetramanganese water-oxidizing complex
of photosystem II.
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