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The complex Mn2(H2O)(OAc)4(tmeda)2 (tmeda) N,N,N′,N′-tetramethylethylenediamine) is a model for the active
site of hydrolase enzymes containing acetate-bridged dimanganese cores. The two high-spin Mn(II) ions are
antiferromagnetically coupled, as determined by previous magnetic susceptibility studies (Yu, S.-B; Lippard, S.
J.; Shweky, I; Bino, A.Inorg. Chem. 1992, 31, 3502-3504) to yield a spin “ladder” with total spinS ) 0, 1, 2,
..., 5 in increasing energy. In this study, the complex was characterized by Q-band and X-band EPR spectroscopy
in frozen solution. Analysis of the temperature dependence of these EPR spectra indicates that the primary spectral
contribution is from theS ) 2 manifold. The EPR spectra were simulated using a full spin Hamiltonian for this
manifold of a coupled spin system, which provided the fit parametersJ ) -2.9 cm-1, g ) 2.00, andD2 )
-0.060( 0.003 cm-1. An additional multiline EPR signal is observed which is proposed to arise from the total
spin S ) 5/2 ground state of a Mn(II) trimer of the type Mn3(OAc)6(tmeda)2.

Introduction

Several enzymes contain a dimanganese(II,II) center, includ-
ing arginase, catalase, thiosulfate-oxidizing enzyme, and a
glycohydrolase.1-4 Another group of enzymes have a Mg2+ or
Zn2+ binuclear metal center in the native state but retain some
activity when substituted with Mn(II); these include ribonuclease
H, phosphotriesterase, enolase, andS-adenosylmethionine
synthetase.5-8 In nearly all of the dimanganese and binuclear
metal-containing enzymes for which structures are known, the
metals are bridged by at least one glutamate or aspartate residue
and often a water or hydroxide group. These observations have
motivated the synthesis and characterization of several diman-
ganese(II,II) model compounds with bridging acetate and aquo
ligands.9-15

The two Mn(II) ions (high-spin 3d5, S1 ) S2 ) 5/2) in these
proteins and model compounds experience weak antiferromag-
netic exchange coupling (H ) -2JS1‚S2),16 which leads to a
“ladder” of spin states, with total spinS ) 0, 1, 2, 3, 4, and 5
in order of increasing energy. This coupled spin system gives
rise to complex EPR spectra that can contain features from
multiple spin states with temperature-dependent populations. The
EPR spectra are further complicated by the effect of hyperfine
coupling to 55Mn (I ) 5/2, 100% natural abundance). An
understanding of the relation between structural and EPR
properties in model compounds should aid in obtaining such
information from EPR spectra of structurally uncharacterized
protein systems. The complexity of the exchange-coupled
55Mn2 spin system has, however, made full simulations of
spectra from these centers difficult. Khangulov et al.17 have
developed a procedure based on spectral deconvolution that
allows estimation of the zero-field splitting parameters within
the total spinS) 2 manifold of a dimanganese(II,II) complex.
A linear correlation was found between the zero-field values
and known Mn-Mn distances of several compounds. This
correlation allowed the estimation of the internuclear distance
for dinuclear manganese compounds once their zero-field
splitting was determined. Results of this procedure were
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presented for catalase, arginase, and a series of model com-
pounds. Recently, Chan and co-workers18 have recorded and
simulated the EPR signal from the compound Mn2(OAc)4-
(imidazole)4(H2O)19 in the solid state. No resolved hyperfine
coupling was observed in the EPR spectrum, and the spectral
breadth was simulated using a line-broadening function.

To understand these centers further, we have sought a full
simulation of the X- and Q-band spectra of an appropriate model
compound. The X-ray crystal structures and magnetic suscep-
tibility data of two such model compounds, Mn2(H2O)(pivalate)4-
(Me2bpy)2 and Mn2(H2O)(OAc)4(tmeda)2 (tmeda) N,N,N′,N′-
tetramethylethylenediamine), have been reported by Yu et al.10

EPR data were not reported for these compounds. We have
synthesized Mn2(H2O)(OAc)4(tmeda)2 and obtained its EPR
signals in a frozen solution. The EPR spectra of Mn2(H2O)-
(OAc)4(tmeda)2 dissolved in toluene are consistent with an
exchange-coupled dinuclear manganese center. These frozen
solutions give well-resolved EPR spectra, and in the noncoor-
dinating, aprotic toluene solvent, it is likely that the solid-state
structure is generally maintained. These factors make this
complex a good target for a detailed EPR analysis.

The frozen solution EPR spectra of Mn2(H2O)(OAc)4(tmeda)2
at both Q-band (35 GHz) and X-band (9 GHz) microwave
frequencies are reported here, and the concentration dependence
and temperature dependence of the spectra are investigated. We
show that the resolved lines in the EPR spectra are due to
transitions within the total spinS ) 2 state of this exchange-
coupled system. These EPR spectra are simulated using the full
spin Hamiltonian for such an exchange-coupled system, from
which the zero-field splitting within theS ) 2 manifold was
determined to beD2 ) -0.060( 0.003 cm-1. An additional
signal observed in the Q-band spectra with ag value near 4.52
and with resolved hyperfine lines with a splitting of 26 G is
proposed to arise from a Mn(II) trimer.

Experimental Section

Materials. Mn2(H2O)(OAc)4(tmeda)2 (1; Figure 1) was synthesized
as reported previously.10 In brief, Mn(OAc)2‚4H2O (1.0 g, 0.41 mmol)
was dissolved in degassed methanol (50 mL), and tmeda (0.62 mL,
0.41 mmol) was added under nitrogen. The mixture was stirred for 10
min, and then the methanol was removed in vacuo, leaving a solid
residue. The residue was extracted with 30 mL of hexane, filtered, and
then recrystallized from the hexane solution by cooling to-20 °C.

Methods.Q-band EPR measurements were carried out on a modified
Bruker ESP-200 spectrometer equipped with a Varian E-110 microwave
bridge operating at 34 GHz20 and a cylindrical cavity21 inside a Janis

7.5 CNDT-SVT liquid helium dewar. The temperature in the liquid
helium dewar was recorded with a sensor attached to the top of the
cavity and controlled with a LTC-10 temperature controller from
Conductus.

X-band EPR measurements were performed on a Bruker ESP-300
instrument with a rectangular TE102 cavity and an Oxford cryostat.

Solutions of Mn2(H2O)(OAc)4(tmeda)2 in polar solvents such as
acetone were found to give EPR signals consistent with mononuclear
compounds. However, Mn2(H2O)(OAc)4(tmeda)2 also proved to be
soluble in weakly or noncoordinating solvents such as toluene,
dichloromethane, and THF. The EPR spectra of Mn2(H2O)(OAc)4-
(tmeda)2 dissolved in these solvents were consistent with an exchange-
coupled dinuclear manganese center.

EPR spectra were simulated with a FORTRAN 99 computer
program, DDPOWJHE, running on a Cray J90 computer, which
employs the full spin Hamiltonian for an exchange-coupled two-spin
system.22 The spin Hamiltonian is

where the terms correspond to isotropic exchange coupling, dipolar
exchange coupling, single-ion zero-field splitting, electronic and nuclear
Zeeman splitting, and hyperfine coupling, respectively. All the terms
in eq 1 are included in the Hamiltonian matrix. Matrix diagonalization
using LAPACK subroutines yields the eigenvalues and eigenvectors,
from which the EPR transition energies and probabilities, respectively,
are determined. The program contains a temperature-dependent Boltz-
mann weighting factor, a general line-broadening feature, and the ability
to select the specific transitions being simulated. The program uses
the igloo method to calculate the powder pattern. Full powder pattern
spectra were simulated using igloo) 100 and a large line-broadening
function with no hyperfine included. Spectra including the hyperfine
interaction were calculated at only the principal axes (igloo) 1) to
reduce the computational time.

The full Hamiltonian for a coupledS1, S2 ) 5/2, I1, I2 ) 5/2 system
leads to a 1296× 1296 matrix. Since the major signals observed in
the EPR spectra were due to theS ) 2 state (i.e., the higher energy
coupled spin states withS ) 3, 4, and 5 do not contribute to the
observed low-temperature spectra), the Hamiltonian in those simulations
was therefore simplified to a coupledS1, S2 ) 1, I1, I2 ) 5/2 system.
This leads to a 324× 324 matrix, which significantly reduces the com-
putational time. EPR transitions are thus determined for the resulting
S ) 2 coupled spin state, which includes the zero-field splitting term
D2. The zero-field splitting was included as one parameter for theS)
2 state,D2, although the program does allow the separate entry of the
single-ion zero-field splitting valueDc and the dipolar couplingDd.
Estimation of these values is described in the Discussion. The error in
D2 was estimated from the change inD2 necessary to produce a
noticeable change in the fit of the simulated spectrum to the
experimental spectrum. The source code is available from the authors.

The Boltzmann populations of the total spinS) 1 andS) 2 levels
within an exchange-coupledS1 ) S2 ) 5/2 system with an exchange
coupling constant ofJ ) -2.9 cm-1 were calculated on the basis of eq
2. The signal intensity of the EPR signals was determined by averaging
the peak heights of the three most intense peaks for each 11-line pattern
and multiplying by the temperature to remove the Curie dependence
of the spectra.

Electrospray ionization mass spectra were acquired using a Vestec-
200 mass spectrometer operating in negative ion mode. Solutions for
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Figure 1. Structure of Mn2(H2O)(OAc)4(tmeda)2 (1). Adapted from
ref 10. Copyright 1992 American Chemical Society.

H ) -2JS1‚S2 + S1‚D‚S2 + ∑
i)1

2

(Si‚Di‚Si + âB‚gi‚Si +

ângnB‚Ii + Si‚A i‚Ii) (1)
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use in the ESI spectrometer were prepared by dissolving Mn2(H2O)-
(OAc)4(tmeda)2 in dichloromethane.

Results

The variable-temperature Q-band EPR spectra nearg ) 2 of
a 16 mM toluene solution of Mn2(H2O)(OAc)4(tmeda)2 are
shown in Figure 2. Two sets of eleven lines split by 45 G and
centered atg ) 2.00 are observed in all spectra over the range
6-50 K. This 11-line pattern (2nI + 1 ) 4(5/2) + 1 ) 11)
indicates a coupled manganese system, consistent with the
magnetic susceptibility results reported for this compound in
the solid state.10 The intensity of the observed lines reaches a
maximum at 17 K. A second set of two transitions with resolved
hyperfine splitting at much lower intensity can also be observed
centered atg ) 1.89 andg ≈ 2.08.

X-band spectra of1 in toluene solution were obtained over
the temperature range 5-50 K (Figure 3). These spectra show
two sets of eleven lines, each separated by 45 G, that are similar
to the Q-band spectrum, but centered atg ≈ 2.14. A set of lines
separated by 45 G with much lower intensity are centered near
g ) 2.52. Several additional features can be observed in the
X-band spectrum including ones atg ) 1.60, g ) 2.6, g )
3.36,g ) 4.36, andg ) 13.9.

The full-width Q-band spectrum in toluene solution is shown
in Figure 4. In addition to the hyperfine split features cen-
tered nearg ) 2, a derivative feature atg ) 4.52 is observed
that increases in intensity as the temperature is lowered (Fig-
ure S1 in the Supporting Information). In dichloromethane
solution at low concentrations, more than 25 lines with hyper-
fine splitting of 26 G can be observed on theg ) 4.52 peak
(Figure 4). The position and symmetric line shape of the signal
observed atg ) 4.52 suggest that it arises from a transition
involving a total spinS ) 5/2 state.23 One possible source of
an S ) 5/2 signal would be formation of a trinuclear
Mn(II) species.24 No large derivative feature atg ) 4.52 was
observed in the X-band spectra, in contrast to the Q-band
spectra.

Evidence for yet another, EPR-silent, species in solution is
found in Q-band EPR spectra showing the effects of diluting a
concentrated 102 mM solution of Mn2(H2O)(OAc)4(tmeda)2
(Figure S2). When the stock solution is diluted by half, the signal
intensity of theg ) 4.52 peak, theg ) 2.12 feature, and the
peaks attributed to the dimer decrease by a factor of roughly 2.
When the stock solution was diluted by a factor of 3, however,
all the peak intensities decreased by more than a factor of 3
and the line shape atg ) 2 changed, indicating possible
equilibrium with another complex which is EPR silent, such as
a compound with a much largerJ, or that the compound has
been oxidized to a Mn(III) complex.

Discussion

When the isotropic exchange coupling constantJ has larger
magnitude than both the Zeeman and the zero-field splitting

for a dimanganese system, then the energy levels in an external
magnetic fieldB are given by solving the Hamiltonian25

whereS is the system total spin given byS ) |S1 + S2|, |S1 +
S2 - 1|, ..., |S1 - S2| andDS andES are the zero-field splitting
for the exchange-coupled pair. The zero-field splitting termDS

is a sum of two components:

where forS1 ) S2 ) 5/2

whereDc is the single-ion zero-field splitting andDe is the zero-
field splitting arising from the coupling of the spins. The zero-
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populations )
(2S+ 1) exp([-2J(S(S+ 1) - S1(S1 + 1) - S2(S2 + 1))]/kT)

∑
s

(2S+ 1) exp([-2J(S(S+ 1) - S1(S1 + 1) - S2(S2 + 1))]/kT)

(2)

Figure 2. Variable-temperature Q-band spectra of1 [16 mM, toluene].
EPR conditions: 33.8 GHz spectrometer frequency, 1.17 mW micro-
wave power, 0.59 G modulation amplitude, 100 kHz modulation
frequency. The small peak marked with an asterisk occurs in the Q-band
spectra atg ) 1.99, which is very close to the set of peaks atg )
1.95. It is split from the nearest peaks by 52 G instead of 45 G. Its
identity is unknown.

H ) -2J[(S(S+ 1) - S1(S1 + 1) - S2(S2 + 1)] +

âB‚g‚S + DS[Sz
2 - 1/3(S(S+ 1)] + ES(Sx

2 - Sy
2) +

S‚A‚(I1 + I2) (3)

DS ) 3RsDe+ âsDc (4)

Rs) (1/2)[S(S+ 1) + 35]/[(2S- 1)(2S+ 3)] (5)

âs) [3S(S+ 1) - 38]/[(2S- 1)(2S+ 3)] (6)
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field splitting imposed by the coupling,De, in turn has two
contributions:26,27

where Dd is the direct dipolar coupling interaction, which
depends on the distance,r, between the two spins andDE is the
pseudodipolar exchange. The pseudodipolar term is usually
considered to be negligible28 if |J| < 60 cm-1, which is clearly
the case here, so thatDe depends mainly on the spin-spin
separation.

Spin-spin coupling between two Mn(II) ions leads to several
characteristic EPR features. The EPR spectra of coupled
dinuclear centers arise from within a ladder of spin states that
are separated in energy by multiples of the spin exchange term
J. For dinuclear Mn(II) centers the spin states available areS
) 0-5. In most acetate-bridged dinuclear Mn(II) complexes,J
has sufficiently small magnitude that several different spin states
may be populated simultaneously in the range 10-20 K, which
leads to a large number of observed EPR transitions. For a
symmetric exchange-coupled pair, the number of observed

hyperfine lines increases from six to eleven (for an isotropic
spectrum) and the observed hyperfine splitting is roughly half
the value expected for the individual ions (45 G versus 90 G).29

The exchange coupling constantJ can be determined by
variable-temperature magnetic susceptibility measurements or
by variable-temperature EPR intensity measurements, in either
case by fitting the data to the calculatedJ-dependent Boltzmann
populations. The coupling constant for1 has already been
determined by magnetic susceptibility to beJ ) -2.9 cm-1.10

We therefore compared the temperature dependence of the
hyperfine resolved Q-band EPR signals atg ) 2.05 andg )
1.95 to the Boltzmann populations expected for theS) 0, S)
1, andS) 2 spin states, in an attempt to determine from which
level(s) the signals originate (Figure 5). The increase in signal
intensity over the temperature range 6-20 K for both sets of
well-resolved peaks matches the increase in Boltzmann popula-
tion expected for theS ) 2 level, while a fit to intensities
expected for anS ) 1 state are unsuccessful. From this we
conclude that theg ) 2 EPR signal with resolved hyperfine
splitting originates predominantly from theS ) 2 state.

The main features of the spectra were simulated by a program
that uses a full spin Hamiltonian treatment of the exchange

(25) Owen, J.J. Appl. Phys.1961, 32, 213S-215S.
(26) Pilbrow, J. R.Transition Ion Electron Paramagnetic Resonance;

Oxford Science Publications: New York, 1990; pp 360.
(27) Eaton, S. S.; More, K. M.; Sawant. B. M.; Eaton, G. R. J. Am. Chem.

Soc. 1983, 105, 6560-6567.
(28) Smith, T. D.; Pilbrow, J. R.Coord. Chem. ReV. 1974, 13, 173-278.

(29) Reed, G. H.; Markham, G. D.Biological Magnetic Resonance Volume
6; Plenum Press: New York, 1984; pp 73-135.

Figure 3. Variable-temperature X-band spectra of1 [16 mM, toluene].
EPR conditions: 9.42 GHz spectrometer frequency, 2 mW microwave
power, 14.6 G modulation amplitude, 100 kHz modulation frequency.

De ) Dd + DE ) -3g2â2/2r3 + DE (7)

Figure 4. (A) Q-band spectra of1 [16 mM, toluene]. EPR condi-
tions: 33.8 GHz spectrometer frequency, 1.17 mW microwave power,
0.59 G modulation amplitude, 100 kHz modulation frequency, tem-
perature 7 K. (B) Low-field region of the Q-band spectra of1 [25 mM,
dichloromethane, temperature 4 K]. EPR conditions: 33.8 GHz
spectrometer frequency, 1.17 mW microwave power, 0.59 G modulation
amplitude, 100 kHz modulation frequency.
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coupling, Zeeman, zero-field splitting, and hyperfine terms. As
discussed above, the resolved features are thought to be EPR
transitions within the total spinS ) 2; thus, calculations
involving transitions within manifolds withS> 2 are ignored.
For these calculations, it was assumed thatg is isotropic,A is
isotropic,J ) -2.9 cm-1 as determined by magnetic suscep-
tibility, 10 and the zero-field splitting is axially symmetric (E2

) 0). A comparison of the Q-band spectrum to a simulation
including hyperfine interactions and a simulation without
hyperfine interactions is shown in Figure 6, and a simulation
of the X-band spectrum is shown in Figure 7. Simulations
without hyperfine interactions were calculated to yield the full
powder pattern, which matches the overall broad line shape of
the experimental spectra. As described below, the hyperfine
patterns of the experimental spectra appear to arise from a subset
of transitions, and these patterns are matched by simulations
including hyperfine that were calculated at the principal axes.

These simulations give insight into the origin of the main
features in the experimental EPR spectra. Four allowed∆MS

) 1 transitions are expected within theS ) 2 manifold along
one direction of the magnetic field molecular axis (Figure 8).
For an axial system, a powder pattern with eight total turning
points is expected. The two well-resolved features in the
experimental spectra nearg ) 2 represent two of the four
expected perpendicular transitions. These are labeled XY2 and
XY3 and correspond to∆MS ) 1 transitions betweenMS ) +1,
-1 andMS ) 0. The two transitions with resolved hyperfine
splitting and much lower signal intensity are assigned to the
corresponding parallel transitions Z2 and Z3 (Figure 8). Two
broad features in the experimental spectrum appear at the
calculated position of the two other perpendicular transitions
XY1 and XY4 which are due to∆MS ) 1 transitions between
MS ) +2, -2 andMS ) +1, -1. These features do not show
any resolved hyperfine structure in the experimental spectrum.
For systems in whichD , gâB the transition frequencies of all
four transitions are given by30

whereu ) D(3 cos2 θ - 1) + 3E(cos 2φ sin2 θ). Given that
the XY1 and XY4 transitions have a 3-fold greater dependence

on the zero-field splitting value than the transitions XY2 and
XY3, a small amount ofD strain (i.e., a distribution inD values
arising from structural disorder) could have the effect of
broadening the outer transitions proportionally much more than
the inner transitions.

D strain could also explain the failure to observe hyperfine
split signals arising from transitions within the total spinS) 1
manifold. Simulations of theS ) 1 state show that the broad
transitions that increase in intensity below 15 K atg ) 3.70
andg ) 1.60 in the X-band spectrum andg ) 2.14 andg )
1.90 in the Q-band spectrum probably should be assigned to
the S ) 1 state of the coupled system (Figure S3). The zero-
field splitting of theS ) 1 level is 3.7 times that of theS ) 2
level due to the dependence of the zero-field splitting onS as
shown in eqs 4-6, and would thus be expected to be
proportionally affected byD strain more than the transitions in
the S ) 2 manifold. We currently have no way to reproduce
this D strain in the simulations, but Figures 6A and 7A show
simulations in which this effect is modeled for theS ) 2 state
simply by increasing the spectral line width. It can be seen that
a Gaussian line width of 400 MHz reproduces well the outer
(XY1 and XY4) transitions, while a line width of only 40 MHz

(30) Weltner, W.Magnetic Atoms and Molecules; Dover Publications
Inc.: New York, 1983; pp 256-265.

Figure 5. Comparison of the temperature variation of hyperfine peaks
in the Q-band EPR signal of1 (diamonds) to the expected population
of theS ) 0, S ) 1, andS ) 2 states (solid lines) calculated from an
exchange coupling ofJ ) -2.9 cm-1 (eq 2). Experimental data are
plotted as normalized EPR signal amplitude vs temperature (K).

hν/gâ ( u/2gâ (MS ) +1, -1 f 0; Z/XY2, Z/XY3) (8)

hν/gâ ( 3u/2gâ (ΜS ) +2, -2 f +1, -1; Z/XY1, Z/XY4)
(9)

Figure 6. Comparison of the Q-band EPR signals of1 to a simulation
of the S ) 2 state of a coupled Mn(II) system: (A) simulation of the
S) 2 states withg ) 2.01,A(55Mn) ) 0, D2 ) -0.053 cm-1, and line
width 400 MHz, full powder pattern; (B) 16 mM in toluene with EPR
conditions 33.83 GHz spectrometer frequency, 1.17 mW microwave
power, 0.59 G modulation amplitude, 100 kHz modulation frequency,
and temperature 15 K; (C) simulation including only the XY2, XY3,
and Z3 transitions of theS ) 2 state withg ) 2.00,A(55Mn) ) 272
MHz, D2 ) -0.060 cm-1, and Gaussian line width 40 MHz, principal
axes only; (D) simulation of theS) 2 state, with parameters as in (C),
principal axes only.
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reproduces the inner (XY2 and XY3) transitions with their
resolved hyperfine splitting (Figures 6C and 7C).

Good fits to the hyperfine splittings of the experimental
Q-band and X-band spectra are produced using a zero-field
splitting of theS ) 2 level of D2 ) -0.060 ( 0.003 cm-1.
This value is determined to within 30 G (0.0030 cm-1) by
matching the centers of the simulated 11-line hyperfine patterns
from XY2 and XY3 to the experimental spectra, in particular
for the Q-band spectra of Figure 6C. Calculation of the dipolar
coupling with eq 7 using the crystallographically determined
Mn-Mn distance of 3.62 Å10 gives a value ofDd ) -0.029
cm-1. The difference betweenD2 andDd (∼0.03 cm-1) is due
to the contribution from single-ion zero-field splitting,Dc, in
eq 4.Dc values in the range 0-0.05 cm-1 have been reported
for mononuclear Mn(II).31 Dismukes and co-workers17 found a
linear correlation between the internuclear distance andD2 over
the distance of 3.0 to∼4 Å, and the value obtained here agrees
well with their dataset. As they point out, lacking independent
information regardingDc, it would not be possible to useDd to

extract a distance in an unknown compound. A better fit to the
broad peaks in the Q-band and X-band spectra is obtained when
the zero-field splitting is reduced toD2 ) -0.053( 0.002 cm-1

(Figures 6A and 7A). Simulations of the hyperfine split lines
with D2 ) -0.053( 0.002 cm-1 did not, however, produce a
satisfactory fit to the experimental spectrum. This discrepancy
might be related to modelingD strain in the simulation.

Also of interest is the observation of a symmetric peak atg
) 4.52 for1 in the Q-band measurements in dichloromethane
and toluene solutions. The peak grows in intensity as the
temperature is lowered to∼4 K, which suggests that the signal
comes from a ground state or a very low lying excited state.
The observation of a 26 G hyperfine splitting possibly rules it
out as belonging to a∆MS ) 2 (formally forbidden) transition,
since the hyperfine splitting of the∆MS ) 2 transition should
be the same as the allowed∆MS ) 1 transition as long as the
radius between the coupled spins is less than∼4.5 Å,27 which
is the case here. TheS2 state of the oxygen-evolving complex
from spinach, in oriented samples, exhibits a signal atg ) 4.1
with at least 16 resolved hyperfine lines separated by 36 G.32

Haddy and co-workers23 attributed this signal to a total spin
5/2 system on the basis of simulations of spectra obtained at
multiple frequencies.

A possible explanation for the observation of this signal in
frozen solutions of1 is that a trinuclear complex of the type
(Mn(II)) 3 is formed. The hyperfine splitting of such a system
(if symmetric) should beA/3 or∼30 G, similar to the observed
value of 26 G. A dinuclear manganese(II) acetate complex,
analogous to1, can form a trinuclear complex, Mn3(OAc)6-
(bipy)2, which was shown by magnetic susceptibility studies to
have a total spin 5/2 ground state.24 Mass spectra acquired by
ESI for 1 dissolved in dichloromethane show, in addition to
fragments from Mn2(H2O)(OAc)4(tmeda)2, a peak at 751 mass
units consistent with the presence of a trinuclear cluster with
the formula Mn3(OAc)6(tmeda)2 (data not shown).

Summary

The complex Mn2(H2O)(OAc)4(tmeda)2 (1) was characterized
by EPR spectroscopy in frozen solution at X- and Q-band

(31) Misra, S. K.Physica B1994, 203, 193-200 and references therein.
(32) Kim, D. H.; Britt, R. D.; Klein, M. P.; Sauer, K.J. Am. Chem. Soc.

1990, 112, 9389-9391.

Figure 7. Comparison of the X-band EPR signals of1 to a simulation
of the S ) 2 state of a coupled Mn(II) system: (A) simulation of the
S) 2 states withg ) 2.01,A ) 0, D2 ) -0.053 cm-1, and line width
400 MHz, full powder pattern; (B) 16 mM in toluene with EPR
conditions 9.42 GHz spectrometer frequency, 2 mW microwave power,
14.6 G modulation amplitude, 100 kHz modulation frequency, tem-
perature 15 K; (C) simulation including only the Z2, XY2, XY3, and Z3

transitions of theS) 2 state withg ) 2.00,A(55Mn) ) 272 MHz,D2

) -0.060 cm-1, and Gaussian line width 40 MHz, principal axes only;
(D) simulation of theS) 2 state, with the parameters as in (C), principal
axes only.

Figure 8. Diagram showing the spin ladder caused by exchange
coupling between two equivalent Mn(II)S ) 5/2 ions. The Zeeman
levels at the four∆MS ) 1 parallel transitions for theS ) 2 level of
the coupled manganese cluster assumingD < 0 are shown (21-24).
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microwave frequencies. Unlike many previous studies of
dinuclear manganese compounds which were performed in the
solid state, the frozen solution EPR spectrum of1 exhibits
resolved hyperfine features which occur as sets of 11 lines
separated by 45 G. Variable-temperature data show that the
primary contribution to the EPR spectra at both frequencies
arises from transitions within the total spinS ) 2 manifold. A
computer program employing the full spin Hamiltonian for an
exchange-coupled Mn(II) dimer reproduced the main features
of the EPR spectra at both frequencies and yielded the zero-
field splitting within theS) 2 manifold: D2 ) -0.060( 0.003
cm-1. The results of this study may aid in interpreting frozen
solution EPR spectra of dinuclear manganese enzymes and
model compounds. A novel signal atg ) 4.52 was also
observed, which exhibited a hyperfine splitting of 26 G. This
signal may arise from the total spin 5/2 ground state of a
Mn(II) trimer that forms from1 in solution.
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