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Conventional EPR spectroscopy (X-band: 9 GHz
(0.3 cm™!); Q-band: 35 GHz (1.2 cm™!)) has been successfully
used to determine the electronic structure of half-integer-spin
paramagnets. It has also been applied for the characterization
of transition metal ions, with a special focus on metal ion
clusters present in biological systems. However, measure-
ments at these frequencies are often insufficient to determine
in detail the electronic properties of systems with integer spins
or large-spin ground states, especially when the zero field
splitting (ZFS) of these systems is larger than or comparable
to the microwave quantum. The recent development of high-
frequency and high-field EPR (HF-EPR) spectroscopy has
allowed the spin Hamiltonian parameters of such compounds
to be accurately determined.[!]

We illustrate here the use of HF-EPR spectroscopy to study
the symmetric, dinuclear, oxo-bridged Mn!Y complex
[L,MnlY (u-O)(u-phBO,),|(PF,), (1; L =1,4,7-trimethyl-1,4,7-
triazacyclononane, phBO, = phenyl boronic acid).?l This
complex is particularly interesting as a model for the high
oxidation states observed in several manganese-containing
metalloproteins like class IV ribonucleotide reductasel?! and
the oxygen-evolving complex (OEC) of photosystem ILM As
reported previously,?! the two d*> Mn!V ions are in distorted
octahedral N;O; environments (Scheme 1; av Mn - N 2.117,
av Mn--- O 1.824 A). The metal sites with spins S, = S, = % are
ferromagnetically coupled by an exchange interaction, which
leads to a rather unusual ground state for the dimer with a

Scheme 1. Schematic representation of the structure of complex 1.
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total spin of S$=3. From a measurement of the magnetic
susceptibility of 1 at 1T as a function of temperature, the
coupling constant was determined to be J=+10cm™! (H. =
—21J8,8,). The ZFS parameter of Mn!Y in this analysis was set
to zero. Variable-temperature variable-field (VTVB) mag-
netization measurements yield |D,|=|D,|=0.7+03 cm™.
The sensitivity of the technique with respect to the local ZFS
parameters of the spin-coupled dimer results from the high
spin multiplicity of the ground state. This leads to sizable
deviations of the magnetization curves at low temperatures
from the behavior of a Brillouin function (see Figure 4). The
sign of D; and the rhombicity parameter E/D; could not be
determined from the powder data.

Complex 1 exhibits in both frozen acetonitrile solution and
in the solid state integer-spin EPR signals at Q-band and
X-band frequencies at low temperature (Figure 1). The
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Figure 1. Experimental (A and C) and simulated spectra (B and D) of
complex 1 in acetonitrile (0.01 M) recorded at 9.62 (A) and 34.02 GHz (C)
at 12 K (parameters are given in the text).

X-band spectra were measured in the perpendicular mode as
well as in the parallel mode. The spectra were analyzed by full
diagonalizationl®! of the Hamiltonian for the S = 3 spin ground
state of the dimer [Eq. (1)]. The effective ZFS of S=3 is
represented by the last two terms where D s and E(s_s
gauge the axial and the rhombic parts of the interaction,
respectively.

H = BBgS+Ds_3[S; —1/38(S+1) + E/D 53 (53 — 83)] 1)

Based on the magnetization data the effective D value can
be estimated by spin projection, assuming that the principal
axes of the local interactions are colinear:[! D_3=02D; +
0.2 D,. Additionally, the dipolar contributions are neglected
in this approach, which is a safe approximation due to the
large Mn---Mn separation of 318 pm. For the sake of
simplicity, we also did not take into account the contribution
of the J anisotropy. With |D,|=|D,|~0.7 cm™! a value of
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| D3|~ 0.28 cm ™! is obtained. Accordingly, the EPR spectra
recorded at 9 and 35 GHz could be simulated reasonably well
with effective axial ZFS parameters for the S =3 state in the
range 0.15 <|Ds_3 | <025 cm™.

With increasing temperatures up to 150 K no low-frequency
EPR signals could be observed from excited states of the
coupled spin system. This is unexpected since the S =2 state is
only about 60 cm~! above the ground state (AE =61J), and the
spin projection coefficient for the conversion of the intrinsic
ZFS is equal to zero for the quintet. Therefore, a derivative
spectrum should be observed around g=2. We assume that
fast spin relaxation, including transitions between the spin
multiplets, sets on as soon as excited multiplets are thermally
populated and thus broadens the § =2 spectra.

Furthermore, the X- and Q-band spectra of the ground
state are very broad and difficult to simulate in the usual spin-
Hamiltonian approach, even if distributions of D and E/D are
included to account for possible sample inhomogeneities. It
might be that weak intermolecular spin couplings in the solid
and in the concentrated solutions cause severe distortions of
the spectra. Therefore, HF-EPR spectroscopy is essential to
accurately analyze the zero-field parameters and the g tensor
of this ferromagnetically coupled Mn!Y model compound with
an S =3 spin ground state.

The HF-EPR experiments were performed on polycrystal-
line powder samples of complex 1. The spectra were recorded
at two different frequencies (190 and 285 GHz) in the
temperature range of 5 to 145 K on a home-built spectrom-
eter.ll The complete spectra obtained at 285 GHz and with
measurement at 10 and 103 K are shown in Figure 2.1 With
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Figure 2. High-frequency EPR spectra (285 GHz) of polycrystalline com-
plex 1 at 10 K (top) and 103 K (bottom). Particular EPR transitions of the
S=3 multiplet for B, along the molecular z and y directions are labeled
with the [Ms> quantum numbers of the respective ground and excited
states and the magnetic orientation (z: B, along z; y: B, along y). The
spectrum recorded at 103 K is depicted with an amplification factor of 1.6
for clarity.

increasing temperature, three effects due to Boltzmann
statistics are observed as expected: 1) The overall intensity
of the spectrum decreases. 2) The relative intensities of the
EPR transitions between different Zeeman levels (M, Mg,,)
of the S=3 multiplet change. For instance, at 10K the
transition at 11.7 T is stronger than that at 11.1 T; the opposite
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behavior is seen at 103 K. 3) Higher M; levels are populated
and, hence, additional transitions are observed.

An important feature of low-temperature HF-EPR spectra
is that they directly provide the sign of the ZFS parameter D.
This results from the fact that the strong fields of HF-EPR
induce Zeeman splittings larger than kT at 4.2 K, which leads
to significant differences in the populations of the Mg levels.
Under this condition, if D < 0, the transitions along the z axis
are expected to occur at the low-field side of the resonances
centered around g~ 2, while the reverse is true for D > (.1l
Here the features associated with the z component of the §=
3 multiplet are observed at high field at low temperature,
which shows us that D,_;) is positive. The assignment of the
six derivative signals related to the expected g, transitions, as
indicated in Figure 2, was achieved from the temperature
dependence of the spectra. At low temperature y transitions
between the —3 — —2 and —2 — — 1 levels are also observed
at 9.1 and 9.5 T. Qualitative assignments for other transitions
are not possible due to the fact that many spectral contribu-
tions corresponding to the different orientations overlap.

A first estimate of the D value can be obtained directly
from the experimental spectrum recorded at 10 K. At high
field limits the difference between the resonance fields of two
subsequent z transitions is 2D/g,f. The corresponding reso-
nances for the M= —3, —2, and — 1 levels of 1 are observed at
11.7,11.1, and 10.5 T, respectively (Figure 2). This yields a field
difference of 0.6 T, corresponding to a D s_3 value of about
0.28 cm~.

The HF-EPR spectra of 1 were simulated by using a full-
matrix diagonalization procedure for the spin Hamiltonian
[Eq. (1)].° Since in this case the calculated transitions are
very sensitive to all the parameters (D, E, and g) due to the
relative strengths of the zero-field and Zeeman interactions at
high field, the values and signs of the ZFS parameters D s_;
and E_;) could be accurately determined, and the different
components of the g tensor were obtained. The best simulated
spectrum at 50 K is shown in Figure 3. The intensity, the

9 10 11 12
B/T —
Figure 3. Experimental (top) and simulated powder HF-EPR spectrum
(bottom) of polycrystalline complex 1 at 285 GHz and 50 K (parameters
are given in the text).

position, and the shape of the simulated spectrum are in good
agreement with the experimental data. The spin Hamiltonian
parameters used for this simulation are D 3=027%+
00lem™, Eg3=0.05+001cm™, g,s3=199040.001,
8y(s=3 = 1.993 £0.001, and g,(s_3)=1.994 £0.001. The magni-
tude of the thombicity parameter E/D _;y=0.185 and of the
corresponding single ion values reflect the asymmetric
quasioctahedral environment of the Mn' ion with three short
Mn—O and three longer Mn—N bond lengths.
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Biomimetic models of metalloenzymes may be helpful in
determining the structure of the metal ion site and in
elucidating the biological role of the metal cluster. It is also
essential to study the models in solution. In an attempt to
determine the electronic structure of 1 in solution, EPR
measurements were performed at 285 GHz in acetonitrile
(0.01m) at 5K. The experimental data were simulated
successfully with the same set of parameters determined
above for the solid as well as with the low-frequency EPR data
in acetonitrile (Figure 1). However, in solution the resolution
is relatively poor due to broadening of the signals. We assume
that this is caused by microinhomogeneities in the frozen
matrix. The fact that the (average) ZFS parameters are the
same in solution and in the solid state reveals identical
coordination geometries of the manganese ions in the two
states.

The magnetization data of solid 1 could be reevaluated!!”!
by using the exact ZFS parameters from the HF-EPR data,
which were converted into values for single ions: D, =D, =
0.68 cm™' (02D, + 02D,=D_3), E/D;=0.19 (= E/Ds_3)).
An excellent simulation of the experimental VIVB magnet-
ization data and temperature dependence of the molar
magnetic susceptibility was achieved with J=+11.4cm™!
(Figure 4), if in addition to the explicit ZFS an intermolecular
coupling was introduced by means of a mean-field approx-
imation with a Weiss constant of @ =0.27 cm~'. The effect of
this coupling was not observed in the high-field spectra,
presumably due to the strong fields which decouple the
molecules.
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Figure 4. Static magnetization data of polycrystalline complex 1. The solid
lines are derived from a simulation based on a spin Hamiltonian description
of exchange interaction, single-ion zero-field and Zeeman interactions
(parameters are given in the text). a) My, = magnetization per mole, B =
applied magnetic field. b) u.; = effective magnetic moment.

Temperature- and frequency-dependent EPR investiga-
tions combined with VITBT magnetization measurements
have been successfully applied to characterize the electronic
structure of a spin-coupled system. The spin-Hamiltonian
parameters of the S=3 ground state have been fully
determined by simulation of the patterns obtained by HF-
EPR on powders and frozen solutions. The ZFS is positive
with a moderate value for D_;) and an unexpectedly high
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value for E 3 (E/D_3=0.185), which could not be
deciphered from the low-frequency EPR studies. Considering
the number of metal ion clusters that are present in enzymatic
systems, but which have still not been fully characterized due
to a lack of effective methods, the use of new spectroscopic
techniques in biology is required. The ability to obtain high-
quality spectra in solution makes the use of HF-EPR even
more attractive, especially for proteins containing clusters
whose characterization by classic EPR is insufficient or
ineffective.
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