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Abstract Oxygen activation at a carboxylate-bridged
diiron cluster is employed by a number of enzymes for
diverse biological functions. The mechanisms by which
O, is activated at the diferrous clusters have been studied
in detail and peroxodiferric reaction intermediates have
been observed in several of these diiron proteins. To
understand further the magnetic properties of this
common reaction intermediate, we have used Mossbauer
spectroscopy to determine the magnitude and sign of the
exchange coupling constant J (in the exchange Hamil-
tonian J S;'S;) of the peroxodiferric intermediates gen-
erated during the reactions of O, with two different
proteins, the recombinant M ferritin from frog and the
site-directed variant W48F/D84E of the R2 subunit of
ribonucleotide reductase from Escherichia coli. Both
intermediates are antiferromagnetically coupled with a
moderate coupling constant J of 50+10 cm ' for R2-
W48F/D84E and 75+ 10 cm ! for M ferritin. This work
demonstrates the capability of Mdssbauer spectroscopy
to determine exchange coupling constants of diiron
complexes, including reaction intermediates. The ap-
proach and its limitations are described.
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Introduction

Proteins containing carboxylate-bridged diiron clusters
form a class of enzymes that utilize molecular oxygen
for diverse, chemically difficult transformations. Ex-
amples include the hydroxylase component (MMOH)
of the soluble methane monooxygenase system [1, 2],
which effects the hydroxylation of methane to metha-
nol, the stearoyl-acyl carrier protein A’-desaturase
(A9D) [3], which introduces a cis double bond between
carbons 9 and 10 of stearoyl-ACP, protein R2 of class |
ribonucleotide reductase [4], which oxidizes a tyrosine
residue to the corresponding tyrosyl radical, and ferr-
itin, which uses O, to rapidly oxidize Fe*" to Fe*" at
the diiron site during the initial stages of iron deposi-
tion [5, 6]. Stopped-flow absorption [7] and rapid
freeze-quench Mossbauer [8, 9] studies have shown that
the diferrous form of MMOH reacts with O, to form a
peroxodiferric intermediate (Hperoxo Or P) that exhibits
a broad absorption band at 725 nm and a unique
Moéssbauer spectrum (a single quadrupole doublet with
AEG=1.51 mm/s and 6=0.66 mm/s, indicating a simi-
lar coordination environment for the two ferric sites).
Reaction of O, with the fully reduced A9D in the
presence of stearoyl-ACP also yields a peroxodiferric
complex with similar optical absorption (A=
700 nm) [10] but a distinct Mdssbauer spectrum (two
quadrupole doublets with AEg values of 1.06 and
1.90 mm/s and ¢ values of 0.64 and 0.68 mm/s, re-
spectively, indicating different coordination environ-
ments for the two ferric sites) [11]. Resonance Raman
investigations showed a p-1,2-peroxide binding mode
for this A9D reaction intermediate, which is relatively
stable at room temperature (half-life ~30 min) and
decays by an oxidase reaction without forming the
desaturated product [10]. For the R2 protein, a per-
oxodiferric intermediate has not been detected in the
wild-type R2. However, in the site-directed variants
R2-D84E and R2-W48F/D84E, in which an aspartate
ligand (D84) has been substituted by a glutamate to
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imitate the corresponding Fe site in MMOH, peroxo-
diferric species (R2,cr0x0) €xhibiting  spectroscopic
properties similar to those of Hpeoxo have been ob-
served during oxygen activation [12, 13]. Resonance
Raman studies of the relatively stable R2,qxo (half-life
2-3 s) in R2-W48A/D84E also indicate a p-1,2-binding
mode for the peroxide ligand [14]. Although the geo-
metrical structure of R2,.;0x is not known, its spec-
troscopic features are closely matched by those of a
structurally determined peroxodiferric model complex
[15], which shows a Fe,(u-1,2-peroxo)(p-1,3-benzoato),
core with a Fe-Fe separation of 4.0 A. In the case of
ferritin, a peroxodiferric intermediate (Fperoxo) Wwas
found to accumulate in H-type ferritins during
the ferroxidase reaction (rapid oxidation of Fe?™ by
ferritin using O, as an oxidant) [6, 16, 17]. Detailed
spectroscopic studies showed that Feoxo is spectroscop-
ically and structurally distinct from the peroxodiferric
intermediates mentioned above. It exhibits a broad
absorption band at 650 nm and a single Mdssbauer
quadrupole doublet having AEG=1.06 mm/s and
0=0.62 mm/s [6, 17]. Although rapid freeze-quench
resonance Raman investigations of Ficoxo showed a
p-1,2-binding mode for the peroxide ligand [18], similar
to that of other peroxodiferric intermediates, the Fe-Fe
distance was found by EXAFS measurements to be
unusually short (2.53 A) [19]. This structural difference
between Fpeoxo and other protein peroxodiferric
intermediates has been suggested to reflect different
geometrical arrangements of amino acid residues of the
diiron sites as the means for the protein to control the
fates of the intermediates [19]. In the O,-activating
enzymes, such as R2 and MMOH, the peroxodiferric
intermediates decay to potent oxidants that oxidize
organic substrates and form the diferric products,
while in ferritin, the decay of the peroxodiferric inter-
mediate produces p-oxo and/or p-hydroxo diferric
biomineral precursors with the release of hydrogen
peroxide.

To gain insights into the electronic structures of these
peroxodiferric intermediates detected in the diiron pro-
teins, we have used Mossbauer spectroscopy to deter-
mine the exchange coupling constant J (as defined in the
exchange Hamiltonian J S;'S;) of R2¢ox0 and Fperoxo-
Methods usually employed for the determination of J
are saturation magnetization measurements and tem-
perature-dependent '"H NMR spectroscopy. Both tech-
niques are, however, difficult, if not impossible, to apply
to transient reaction intermediates. High-temperature
high-field Md&ssbauer spectroscopy can be used to de-
termine J of coupled Fe species and has been applied to
a bis-p-oxo diferric model compound [20, 21]. In this
study we show that, in contrast to the other methods
(magnetization and '"H NMR), the Mssbauer approach
can also be used to determine the exchange coupling
constants of diiron reaction intermediates, such as
R2,croxo aNd Fperoxo, trapped by the rapid freeze-quench
technique.

Materials and methods

General

The samples were prepared according to procedures described in
the literature [6, 13]. The Mossbauer spectra were recorded in
spectrometers that operate in a constant acceleration mode in a
transmission geometry and that have been described elsewhere
[5]. The zero velocity of the spectra refers to the centroid of a
room-temperature spectrum of a metallic iron foil. Spectral
simulations were performed using the program WMOSS (WEB
Research).

Determination of J of diiron complexes using Mdssbauer
spectroscopy

Mossbauer spectroscopy can be used to determine the exchange
coupling constant J of Fe-containing metal clusters. It is particu-
larly sensitive to systems having a diamagnetic ground state and
excited paramagnetic states accessible at temperatures where
Mossbauer spectroscopy is applicable (below 240 K), such as an
antiferromagnetically coupled diferric compound [20, 21]. In the
following sections, the general strategy for determining J of an
antiferromagnetically coupled diferric compound by Mdssbauer
spectroscopy is described.

The first step involves analysis of spectra recorded at 4.2 K,
where the ground state is almost exclusively populated. From the
zero-field spectrum, the isomer shift é and the quadrupole splitting
parameter AEq are obtained. From the spectra recorded in strong
applied fields, the asymmetry parameter 1 can be determined and
the diamagnetism of the ground state can be established. Small
internal magnetic fields have been observed for the ground states of
two antiferromagnetically coupled diferric species: the diiron
cluster of oxidized MMOH from Methylosinus trichosporium OB3b
and a model compound [22]. This occurrence has been ascribed to
the presence of an antisymmetric exchange interaction [22]. It is
therefore important to ascertain the diamagnetism of the ground
state of the species under investigation. The second step involves
analysis of spectra recorded at elevated temperatures, which should
be sufficiently high for the excited electronic states to be populated.
As the excited states are paramagnetic, population of the excited
states may induce an internal field at the Fe nucleus, of which the
magnitude and sign can be determined by analyzing the high-
temperature Mossbauer spectra. Since the internal field is a func-
tion of the exchange coupling constant J, temperature 7, and ap-
plied magnetic field B (see below), comparison of the
experimentally determined internal field with theoretical values
would then allow for an estimation of J (both 7"and B are known
experimentally). Obviously, this approach requires a good theo-
retical model for the system under investigation and is most useful
in the region where the internal field is sensitive to the variation
of J.

In our analysis, we have assumed that at high temperatures
(above 77 K) the fluctuation rate between the electronic states of
the peroxodiferric intermediates is fast compared to the Larmor
frequency of the 57Fe nuclei. This assumption holds for most Fe
clusters in proteins and model complexes. With this assumption,
the internal field at the Fe nucleus can be calculated as:

Bim:<S>av'A/gnﬁn (1)

where A is the magnetic hyperfine coupling tensor and (S),, is the
thermal average of the expectation value of the total spin S, which
can be calculated as the sum of the spin expectation values, (S);, of
all the electronic states, i, weighted by their Boltzmann population
factors:

(S)a= D (S)exp(~Ei/KT) /3" exp(~Ei/kT) 2)



In Eq. 2, E; represents the energy of the ith electronic state.
Both E; and {S); are calculated by using the following spin Ham-
iltonian describing the electronic states of an exchange coupled
diferric system:

H=JS,-S,+gpS-B (3)

Here, S| =S,=75/2 are the intrinsic spins of the two high-spin ferric
ions and S=S;+8S; is the system spin. The first term describes the
exchange interaction between these two Fe sites and the second
term describes the Zeeman interaction between the system spin S
and the magnetic field B. The zero-field interaction has been ne-
glected since it is generally small for non-heme high-spin ferric
species [20, 23]. Under these assumptions (i.e., a situation where
Eq. 3 is valid), the system spin S and the magnetic quantum
number M, representing the spin projection along the magnetic
field B, are good quantum numbers and can be used to describe the
electronic states of the system. The energies and spin expectation
values for the 36 coupled states can then be expressed, respectively,
as:

Esnm = VhJS(S+ 1) + gpMB (4)
and:
<S>S,M: M (5)

It can be seen from Eq. 4 that for an antiferromagnetically
coupled high-spin diferric complex (J>0) the ground state is dia-
magnetic (S=0) and the first excited state is a triplet with S=1 and
M=-1, 0, and 1. In the absence of an applied field (B=0), this
triplet state is degenerate (see Eq. 4). The Boltzmann populations
for the M =-1 and 1 states are equal and thus the contributions of
these two states to (S),, cancel (see Eq. 2). This same argument
applies to all higher spin states (i.e., S=2, 3, 4, and 5), and
therefore, in zero field, (S),, is zero, resulting in an internal field
Bini=0. The Mossbauer spectrum is then a simple quadrupole
doublet, allowing the determination of ¢ and AEq at this temper-
ature. In the presence of an applied field, the degeneracy is lifted
owing to the Zeeman interaction and the situation changed. The
energies of states with negative M values are lowered, causing an
increase in the populations of these states, whereas the energies of
states with positive M values are raised, causing a decrease of their
populations. The net result is a small negative (S),,, and thus, an
internal field oriented antiparallel to the applied field.

In Eq. 1, the magnetic hyperfine tensor A is assumed to be the
same for all the states with different values of S. This assumption is
valid for a homodinuclear system with S;=S,, because for such a
system the following relation holds for all spin states [23]:

A=a/2 (6)

where a is the intrinsic magnetic hyperfine tensor of the individual
Fe site. Generally, for high-spin ferric systems, the intrinsic a tensor
is almost isotropic, with values ranging from a/g,f,=-20 to 22 T
[24]. To demonstrate the dependence of By, on J, Fig. 1 shows
(thick solid line) the internal field as a function of the exchange
coupling constant J calculated by using the following parameters:
T=125K, B=8 T, and a/g,f,=-21 T. For J<40 cm ! the slope
of the curve is steep, allowing for a very accurate determination of
J. For larger J values, the curve becomes flatter and determination
of J is less certain. Also shown in Fig. 1 are the contributions of the
various total spin states to the internal field: the contribution of the
S'=1 state corresponds to the section from the abscissa to the first
dotted line, the contribution of the S=2 state corresponds to the
section from the first to the second dotted line, etc. Shown in the
inset of Fig. 1 are the Boltzmann populations for all spin states as a
function of J, calculated for 7=125 K and B=8 T. For small J, all
states are sufficiently populated and (except for the S=0 state)
contribute significantly to the internal field. As the J value in-
creases, states with higher spin values become less populated and
contribute less to the internal field. Nevertheless, contributions
from higher spin states must be considered, even though their
populations may be small. For example, for J=50cm ' the
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Fig. 1. Internal magnetic field at the Fe nuclei of a high-spin
diferric system as a function of the exchange coupling constant J
(solid line), calculated by using Eqs. 1, 2, 3, 4, 5 and the following
parameters: temperature 7'=125 K, external magnetic field
B=8 T, and magnetic hyperfine coupling constant a/g,f},=
—21 T. Also shown are the individual contributions of the various
spin states to the internal field. The contribution from the S=1
state is measured from the abscissa to the first dashed line, that from
the §=2 state is measured from the first to the second dashed line,
and that from the S=3 state is measured from the second to the
third dashed line, etc. The inset shows the Boltzmann populations of
the various spin states using the same representation

Boltzmann population of the S=2 state is only Aalf of that of the
S=1 state, yet its contribution to the internal field is twice of that
of the S=1 state.

Results
Determination of J of Fperoxo

Using rapid freeze-quench Mdssbauer spectroscopy, we
have shown previously that in the reaction of frog M
apoferritin with Fe’>* and O,, Fperoxo forms with a rate
constant of ~80 s™' and decays slowly with a rate of
about 3-4 s ! (at 25 °C), allowing a maximum accu-
mulation of Fperoxo Within 25-60 ms of reaction time [6].
The Mossbauer investigation has also established that
Fperoxo 18 an antiferromagnetically coupled diferric spe-
cies with an S=0 ground state. For the current study, a
sample was prepared (as described in [6]) by rapidly
mixing M apoferritin with Fe>" (36 Fe/ferritin 24-mer)
and O, and freeze-quenching the reaction at 34 ms. The
Moéssbauer spectra of this sample are shown in Fig. 2.
Spectrum A (hatched marks) was recorded at 125 K in
the absence of an applied field and shows that 85% of
the iron in the sample is in the form of Fjcox0, Which
exhibits a quadrupole doublet with parameters
0=0.59+0.02 mm/s and AEG=1.01+£0.03 mm/s. A
theoretical simulation of this doublet is plotted as a solid
line in Fig. 2A. The observed parameters at 125 K are
slightly smaller than the 4.2 K values of 6=0.62 mm/s
and AEG=1.06 mm/s [6]. The reduction in isomer shift
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Fig. 2A, B. 125-K Md&ssbauer spectra of a freeze-quenched sample
prepared by reacting apo M ferritin with Fe** (36 Fe/ferritin 24-
mers) and O, for 34 ms at 25 °C. A The experimental spectrum
(hatched marks) was recorded in zero field. The solid line is a
theoretical simulation of Fpeoxo using the parameters 6=0.59 mm/s
and AEq=1.01 mm/s. The theoretical spectrum is scaled to 85% of
the total Fe absorption. The bracket indicates the positions of the
quadrupole doublet originating from the not-yet-reacted Fe?™,
which accounts for the remaining 15% Fe absorption. B The
experimental spectrum (hatched marks) was recorded in a field of
8 T applied parallel to the y beam. The solid line overlaid with the
experimental data is a theoretical simulation of Fproxo using the
parameters mentioned above and assuming an effective field of
7.4 T at the Fe nuclei. Plotted above the experimental data are
theoretical spectra showing the influence of an internal magnetic
field. The solid line is a simulation assuming an internal field of
0.6 T oriented antiparallel to the 8 T external field, and the dashed
line is a simulation assuming a zero internal field

is caused by the second-order Doppler shift and the
observed slight decrease of AE, with increasing tem-
perature is common for Fe proteins. Accounting for the
remaining 15% of the M&ssbauer absorption is a broad
quadrupole doublet (indicated by a bracket;
6=1.25 mm/s and AEg=3.55 mm/s), which originates
from the not-yet-reacted ferrous ions. To determine the
internal field of Fpc.oxo at this temperature, a spectrum
(Fig. 2B, hatched marks) of this same sample was re-
corded at 125 K in an external field of 8 T. The total
magnetic splitting (separation between the two intense
lines at —1 mm/s and +2 mm/s) of the spectrum de-
pends on AEq and the effective field (external plus in-
ternal) at the Fe nuclei. Since AEq is known from the
zero-field spectrum (Fig. 2A), the effective field can
therefore be determined from the 8-T spectrum and was
found to be 7.4 T. In other words, under the experi-
mental conditions (7=125 K and B=8 T), Fperoxo has

an internal field of 0.6 T oriented antiparallel to the
external field. The solid line overlaid with the experi-
mental data is a theoretical simulation using the pa-
rameters mentioned above. The effect of the internal
field on the spectrum is depicted by the two theoretical
spectra plotted above the experimental data. The solid
line is a spectrum corresponding to an internal field of
0.6 T, whereas the dashed line is a simulation without
internal field. With the internal field known, we then
used Fig. 1 to estimate the J value of Feoxo and found
that J=75+10 cm '. The uncertainty in J reflects both
the variation of the intrinsic a value (20-22 T) and the
uncertainty in our determination of the internal field.

The Boltzmann population factors for the spin states
and the contribution of the respective spin state to {(S),,
illustrate the necessity of including contributions from
the less populated higher spin states for an accurate es-
timate of (S),,. With J=75 cm ' and T=125 K, 47.2%
of the molecules are in the first excited state, S=1, and
they contribute 48.1% to (S),,. Only 13.9% of the
molecules are in the S=2 state and yet they contribute
42.5% to {S),.. Significantly, 1.4% of the molecules that
are in the S=3 state contribute 8.8% to {S),, (see also
Fig. 1).

Determination of J of R2,¢r0x0

For the determination of J of R2,ox, two samples were
prepared: a R2,c0x0 sample in which apo R2-W48F/
DS84E was rapidly mixed with Fe?" (3.4 Fe/R2) and O,
at 5 °C and freeze-quenched at 440 ms reaction time,
and a control sample in which the reaction was freeze-
quenched at 25 ms. Previous kinetic investigations [13]
have established that R2pc.x, forms and decays with
apparent first-order rate constants of 2.3 s and 0.26 s,
respectively, and thus, at 440 ms reaction time, the
major constituents in the reaction mixture are R2perox0
and the not-yet-reacted Fe’". Shown in Fig. 3A as
hatched marks is the spectrum of the 440-ms sample
recorded at 125 K in zero field. Two quadrupole dou-
blets originating from R2pe.ox, and Fe?™ are observed.
To deconvolute the sgectrum and to remove the con-
tributions from the Fe*" species, we use the spectrum of
the 25-ms sample, which contains mainly the not-yet-
reacted Fe>". The solid line shown in Fig. 3A is the
spectrum of the 25-ms sample recorded under identical
conditions (125 K and zero field). To match the ab-
sorption intensities of the high-energy line of the Fe*™"
quadrupole doublet at ~2.8 mm/s of the two samples,
the spectrum of the 25-ms sample is scaled to 56% of the
total intensity of the spectrum of the 440-ms sample,
indicating that 56% of the Fe in the 440-ms sample has
not yet reacted with O,. Removal of this Fe?" contri-
bution from the 440-ms sample spectrum resulted in the
spectrum (hatched marks) shown in Fig. 3B. This spec-
trum represents the spectral contribution of R2 ¢ 0x0. It
is a broad asymmetric quadrupole doublet that can
be simulated by using two overlapping quadrupole
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Fig. 3A-D. 125-K Modssbauer spectra of freeze-quenched samples
prepared by reacting R2-W48F/D84E with Fe’>* (3.4 Fe/R2) and
O, for 25 or 440 ms at 5 °C. A The hatched-mark spectrum is the
experimental spectrum of the 440-ms sample recorded in zero field
and the solid line is the zero-field spectrum of the 25-ms sample
scaled to 56% of the total intensity of the spectrum of the 440-ms
sample. B Removal of 56% of the 25-ms sample spectrum from the
440-ms sample spectrum (shown in A) results in the hatched-mark
spectrum, which represents the zero-field spectrum of R2;¢;ox0. The
solid line is a theoretical simulation of the R2er0x0 Spectrum using
the parameters given in the text. C Experimental spectra of the 440-ms
sample (hatched marks) and the 25-ms sample (solid line) recorded
in a parallel field of 8 T. The solid line spectrum is scaled to 56% of
the total intensity of the hatched-mark spectrum. D Removal of the
contribution of the solid-line spectrum from the hatched-marks
spectrum shown in C results in the 8-T spectrum of R2,c;ox0
(hatched marks). The solid line is a theoretical simulation of the
R2p,crox0 Spectrum using the parameters given in the text

doublets of equal intensity and equal linewidth having
the following parameters: 6(1)=0.65 mm/s, AEq(1)=
1.73 mm/s, 6(2)=0.61 mm/s, and AEq(2)=1.48 mm/s.
The solid line overlaid with the experimental data is the
theoretical simulation using these parameters. To de-
termine the internal field of R2p¢.0x0 at this temperature,
we recorded a spectrum of the 440-ms sample at 125 K
in an applied field of 8 T (Fig. 3C, hatched marks). The
solid line shown in Fig. 3C is a spectrum of the 25-ms
sample recorded under identical conditions and scaled to
56% of the total absorption intensity of the spectrum of
the 440-ms sample. Removal of this contribution of the
Fe’* species from the 440-ms spectrum thus results in a
spectrum of R2pc.0x0 at 125 K and in 8 T (Fig. 3D,
hatched marks). Analysis of this spectrum yields an
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internal field of 0.95 T, which corresponds to J=
50+ 10 cm'. The solid line shown in Fig. 3D is a the-
oretical simulation using the parameters obtained from
the zero-field spectrum (Fig. 3B) and assuming an in-
ternal field of 0.95 T. Again, consideration of higher
excited states is essential. For example, the S=3 and
S =4 states have Boltzmann population factors of only
5.7% and 0.7%, but contribute 22.0% and 4.7% to
{S),, respectively.

Discussion

Maoéssbauer spectroscopy has been used to determine the
exchange coupling constant J of two spectroscopically
distinct peroxodiferric reaction intermediates, R2,¢ ox0
and Fperoxo, generated in the reactions of O, with the
site-directed variant R2-W48F/DS84E from E. coli and
with the M ferritin from frog, respectively. Spectra re-
corded at 4.2 K show that both R2,¢1oxo and Fperoxo are
antiferromagnetically coupled, resulting in a diamag-
netic ground state (S=0). At 125 K and in an applied
field of 8 T, small internal fields of 0.95 T and 0.60 T,
caused by population of excited spin states with S>1, are
observed for R2,¢;0x0 and Fperoxo, respectively. From the
magnitude of the internal field, the exchange coupling
constants were determined to be J=75+10 cm ' for
Fperoxo and J=50+£10 cm ! for R2perox0- Interestingly,
the analysis revealed that even though higher excited
spin states (S=2 and S=3) may have negligible popu-
lations, they contribute significantly to the spin expec-
tation value and may not be neglected for the
determination of J.

Although resonance Raman data [14, 18] indicate a
common p-1,2 binding mode for the peroxide ligand in
both R2¢ox0 and Fperoxo, On the basis of their distinct
spectroscopic properties [6, 12, 14, 17, 18], it is likely that
these two reaction intermediates have different core
structures. Particularly, EXAFS investigation of Fperoxo
has revealed a very short Fe-Fe distance of 2.53 A,
suggesting a Fe-O-O angle of 107° [18], while the spec-
troscopic properties of R2,¢.oxo are very similar to those
of a structurally known peroxodiferric complex having a
Fe-Fe distance of 4.0 A and a Fe-O-O angle of 129°[15,
25]. The resonance Raman data of Fperoxo and R2,¢rox0
are consistent with these angular assignments [18, 26]. A
detailed computational study on the exchange interac-
tion of p-1,2-peroxodiferric complexes, carried out by
Brunold et al. [26], has concluded that the exchange
interaction via the peroxide bridge is rather insensitive to
variations in the Fe-O-O angle and Fe-O-O-Fe dihedral
angle owing to the numerous exchange pathways that
contribute more or less with different cluster geometries.
Our observation of similar antiferromagnetic exchange
interactions in the two peroxodiferric intermediates,
which are likely to have different core structures, sup-
ports this conclusion. The short Fe-Fe distance deter-
mined for Fpeoxo requires at least two single
atom bridges [19], which may include a p-1,1 bridging
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carboxylate from the protein and/or a bridging hydroxo
or aqua ligand. The presence of such ligands is sup-
ported by the Fe-O shell at ~2.0 A observed in the
EXAFS spectrum of Fperoxo [19]. These single-atom
bridges provide additional super-exchange pathways
and may explain why the J value of F¢oxo is 50% larger
than that of R2,..,x,. The contribution of these path-
ways can be estimated from diferric compounds having a
Fe,(OR), core, for which the J values range from 20 to
50 cm! [27, 28, 29, 30, 31]. Thus, the contribution to
exchange coupling involving pathways via the peroxide
bridge may be very similar in Fyeroxo and R2,erox0 (€.,
about 50 cm !). Brunold et al. [26] have also predicted
that the exchange interaction of p-1,2-peroxodiferric
complexes is considerably weaker than that of p-oxo-
diferric complexes owing to a less covalent Fe-O bond in
the peroxo complexes. The moderate exchange interac-
tions determined for these two peroxodiferric interme-
diates are consistent with this theoretical prediction.

To the best of our knowledge there are only two non-
heme peroxodiferric model compounds for which J
values have been reported. One compound is the per-
oxide complex mentioned above with a p-1,2-peroxide
and two p-1,3-benzoate ligands [15, 25]. Its J value was
determined by temperature-dependent magnetization
measurements to be 66 cm ' [25], comparable to that of
Fperoxo and R2,.x0. The other peroxodiferric complex
was generated by oxygenation of a p-alkoxo-p-1,3-ben-
zoato bridged diferrous compound at low temperatures
and was proposed to have a p-alkoxo-p-1,2-peroxo-p-
1,3-benzoato-Fe, core [32]. The J value of this complex
was determined by temperature-dependent 'H NMR
spectroscopy to be ~140 cm ™', which is more than
double the values observed for the other three peroxo-
diferric compounds discussed here. Currently, there is no
satisfactory explanation for the large difference in J
observed for these two peroxodiferric complex.

In conclusion, we have used Mdssbauer spectroscopy
to determine the exchange coupling constant J of anti-
ferromagnetically coupled diferric reaction intermedi-
ates. The approach makes use of the unique capability of
Mossbauer spectroscopy to detect the internal fields at
the Fe nuclei of Fe complexes. The magnitude of the
internal field depends on (1) the thermal populations of
the excited paramagnetic spin states and (2) the popu-
lation difference of the sub-spin states (states with the
same S but different M values) induced by the Zeeman
interaction. The former depends on the energy of the
excited state, which is a function of J, and the latter
depends on the external applied field. For antiferro-
magnetically coupled diferric systems with weak to
moderate coupling constants, internal fields on the order
of 1 T can be induced in the temperature range of 100—
200 K in an external field of 8 T. These conditions allow
a rather accurate determination of J. For strongly an-
tiferromagnetically coupled systems, the energies of the
excited states are higher, resulting in lesser populations
of the excited states, and thus, smaller internal fields.
Larger internal fields, however, can be realized by the

application of a stronger external field to induce a larger
population difference for the sub-spin states. For ex-
ample, for an antiferromagnetically coupled diferric
cluster with J=150 cm™', the application of a magnetic
field of 12 T at 200 K can generate an internal field of
0.42 T, a value that can be accurately detected by
Méssbauer spectroscopy. In principle, this method is
also applicable to diiron complexes of other oxidation
states or to hetero-binuclear Fe complexes, provided
that an appropriate theoretical model exists for de-
scribing the electronic properties of the system. The
major advantage of this method is that it can be applied
to the study of reaction intermediates trapped by the
rapid freeze-quench technique, to which the conven-
tional methods used for determination of J, such as the
saturation magnetization measurement and 'H NMR
spectroscopy, are not applicable because the presence of
other paramagnetic species in the freeze-quenched sam-
ple (e.g., the not-yet-reacted Fe?") would render the
magnetization data un-interpretable, and 'H NMR
spectroscopy cannot be applied to frozen samples.
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