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High-frequency (94-371 GHz) EPR data are reported for powdered samples of [PPh4]2[Fe(SPh)4], an accurate
model for the reduced site of rubredoxins. This is the first HFEPR investigation of anS ) 2 ferrous complex,
illustrating the utility of this technique for the investigation of integer-spin systems. A full-matrix diagonalization
approach is used to simulate spectra over the 94-371 GHz frequency range, providing the spin-Hamiltonian
parametersg, D, andE. It is observed thatg is anisotropic, characterized bygx ) gy ) 2.08 andgz ) 2.00, and
thatD ) +5.84 cm-1 andE ) +1.42 cm-1, where the uncertainty in each parameter is estimated as(2%. The
spin-Hamiltonian for [PPh4]2[Fe(SPh)4] is related to fundamental properties, such as the crystal-field splitting
and the spin-orbit coupling of Fe2+. It is shown that the conventional spin-Hamiltonian accurately represents the
electronic structure of the Fe2+ ion in this molecule. Through a comparison with Fe(SPh)4(PPh4)2, the zero-field
splitting of the Fe2+ site in reduced rubredoxin is estimated to beD ) +5.3 cm-1 andE ) +1.5 cm-1. This is
one of the few HFEPR investigations of a rhombic, high-spin system; as such, it is a step toward the eventual
investigation of similar Fe2+ sites in proteins.

Introduction

Iron plays an essential role in biological processes. In proteins,
iron takes part in redox, oxygen transport, oxygen activation,
and other chemical processes central to metabolic pathways.1

The understanding of these metabolic processes has benefited
from the study of small-molecule analogues, by virtue of their
well-defined structures and ease of preparation. Iron-sulfur
proteins and models have been studied for many years. The
simplest iron-sulfur protein is rubredoxin (Rd), in which a
single Fe atom is ligated by four cysteinyl ligands in a nearly
tetrahedral arrangement. The Rd fromClostridium pasteurianum
is the most widely studied of the class; it has a molecular mass
of 6100 Da. The crystal structure of oxidized rubredoxin (Rdox)
has been determined to 1.2 Å resolution,2,3 revealing that the
Fe3+ site of Rd lies very near the protein surface and has a
solvent-exposed edge. Recently, the solution structure of reduced
rubredoxin (Rdred) was solved,4 revealing that the position of
Fe2+ relative to the protein backbone was virtually unchanged
from that reported for Fe3+ in the crystal structure of Rdox. Also,
EXAFS results5,6 indicate that the average Fe-S(Cys) bond
length of Rdox is 2.27 Å, while that of Rdred is 2.32 Å, indicating

that the overall geometries at the Fe2+/3+ sites are very similar
in both Rdox and Rdred.

Rd undergoes electron-self-exchange (ESE) reactions on a
very short time scale,7 near the diffusion limit of 1× 109 M-1

s-1. The Fe3+ d orbital that accepts the electron upon reduction
(dz2) is pointed directly at this water-exposed protein edge,
suggesting that a simple outer-sphere electron-transfer (ET)
mechanism may be operative, in contrast to the long-range ET
thought to take place in many other proteins.8,9

Rdred has been studied by a variety of spectroscopies. Optical
spectroscopy10 has revealed that the ligand-field splitting
between the5E and5T2 states (10Dq) is approximately 6250
cm-1, consistent with tetrahedral thiolate coordination. The spin
Hamiltonian11 incorporating axial (D) and rhombic (E) zero-
field-splitting (zfs) terms, as well as the Zeeman interaction, is
shown in eq 1. Mo¨ssbauer spectra12-14 reveal that the ground

state of the Fe2+ site is5A1 (dz2 lowest) and is characterized by
a rhombic, large zero-field splitting whereD = +6 cm-1 and
E/D ) 0.28.
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The model compound [PPh4]2[Fe(SPh)4] has been shown15

to mimic the active site of Rdred, in that its structural and
electronic properties are quite similar. This compound has a
tetrahedral arrangement of thiolate ligands that is tetragonally
compressed about an approximateD2d axis, in which the average
Fe-S bond length is 2.35 Å. Figure 1 is a diagram of this
cluster, in which theD2d axis may be taken as coming out of
the plane of the page. Mo¨ssbauer spectroscopy has shown that
the ground state is5A1 (dz2 lowest), while optical absorption
spectroscopy indicated that the crystal field splitting 10Dq )
6000 cm-1. TheD2d compression axis is likely the molecularz
axis, that is, the likely principal axis of both theg andD tensors.
Zero-field splitting has also been studied with far-infrared
absorption16 spectroscopy, where values ofD ) +5.98 cm-1

andE ) 1.42 cm-1 have been determined. It is worth noting
that another model complex for Rdred, [Fe(S2-o-xyl)2]2-, has
been reported;17 it also exhibits structural and electronic
properties similar to those of the Rdred site.

The distortion observed in tetrahedral ferrous complexes is
crucial in determining the ground-state electronic structure.18,19

An ideal tetrahedral geometry splits the five d orbitals to give
an orbital doublet (5E) ground state and a higher lying triplet
(5T2) state. The orbital degeneracy of the ground5E state is
broken by distortions from cubic symmetry. A distortion along
a C2 axis essentially determines the electronic structure, which
in turn dictates the redox-active orbital for the Fe2+/3+ couple.
An elongation along theC2 axis leads to an elongated tetragonal
distortion, a negative zero-field splitting (D < 0), and a5B1

ground state in which the lowest energy d orbital is the dx2-y2

orbital. A compression along theC2 axis leads to a compressed
tetragonal distortion, a positive zero-field splitting, and a5A1

ground state in which the lowest energy d orbital is the dz2

orbital. Clearly, it is desirable to study [Fe(SR)4]2- model
complexes that have the5A1 ground state of Rdred, such as
[PPh4]2[Fe(SPh)4].

One notable study of the electronic structure of an Rdred

mimic is the investigation of the excited-state energies of [Fe(2-
(Ph)C6H4S)4]2- by the Solomon group.20 This study revealed
important details about the ferrous thiolate electronic structure,
as probed by optical experiments aimed at determining the spin-
forbidden charge-transfer energies. Foremost was the finding
that there is extensive electronic relaxation upon the redox
interconversion of [Fe(SR)4]2-/-. The complex [Fe(2-(Ph)-
C6H4S)4]2- was found to have a tetragonally elongated structure,
and hence a negativeD value, where the ground state is5B1. It
is still necessary to explore the electronic structure of Rdred

mimics that possess the same ground state (5A1) as Rdred.

Although the high-spin (S) 2) ferrous iron is a paramagnetic
species, EPR studies of this ion are notably problematic. The
main reason is the large zero-field splitting19 (D ≈ 5-10 cm-1)
which either makes the allowed (∆Ms ) 1) transitions between
the spin sublevels inaccessible to the microwave energy quantum
used in conventional EPR (ca. 0.3 cm-1 at X-band and ca. 1.2
cm-1 at Q-band frequencies) or makes them appear at fields
much above those available in conventional EPR spectrometers.
In such cases, high-frequency EPR (HFEPR, defined asν g
95 GHz) has been enormously successful for the study of non-
Kramers transition metal ions having high spin and/or possessing
large zfs. In particular, there have been two HFEPR papers
reported21,22for high-spin Mn3+ as well as one HFEPR paper23

for Cr2+.
It is worth noting that ferrous iron, although a non-Kramers

ion with typically large zfs, is not exactly “EPR silent” at
conventional frequencies. This is because the significant rhombic
term, E, both mixes thems ) |(2〉 zero-field energy levels,
making transitions between them partially allowed, and brings
those levels close in energy, making X- and Q-band EPR
observations possible. An interesting technique24 has been
developed for the analysis of such spectra, but definitive
information on non-Kramers spins is not always possible due
to the low intensity and large line widths involved.

Many bioclusters, such as the P clusters and the FeMo-co of
nitrogenase25,26 and the mononuclear Fe2+/3+ sites of Rd and
SOD,1 have ground states characterized by large and highly
rhombic (E/D > 0.1) zero-field splittings, with the result being
that conventional EPR techniques permit only indirect informa-
tion on the magnitude of the zero-field splittings andg tensors.
Further understanding of the electronic structure and reactivity
of biologically relevant Fe clusters requires a more detailed
knowledge of their magnetic properties. HFEPR at frequencies
ranging from 95 to 670 GHz, as available at the National High
Magnetic Field Laboratory, is expected to vastly augment this
knowledge. Of particular importance is the availability of
multiple frequencies, which will lead to a greater certainty in
determining the magnitude ofg andD.

An important aspect of performing HFEPR on randomly
oriented samples of high-spin systems is the tendency of
microcrystallites to orient with the magnetic field, which can
be either beneficial or detrimental to the spectral information.
Paramagnetic species whose ground state is characterized by a
negativeD have a particular tendency to orient along a single
axis, often resulting in single-crystal-like spectra.22,27-29 If the
orientation is not perfect, however, effort must be made to ensure
that the torquing effect does not influence the spectra and that
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Figure 1. Schematic diagram of the [Fe(SPh)4]2- anion, viewed down
the molecularZ axis.
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the distribution of molecules is truly random. One way to do
so is to perform the HFEPR experiment on a frozen solution as
was done with success on water solutions of Cr2+ salts.23 The
latter result is particularly important since it demonstrates that
it is possible to perform HFEPR on water solutions, the medium
expected for future studies of biological systems. Another way
of obtaining a random distribution of molecules is to immobilize
a microcrystalline sample in a solid a matrix. This work
describes the HFEPR study of microcrystalline [PPh4]2[Fe-
(SPh)4] immobilized in a KBr pellet, undertaken to characterize
the ground-state electronic properties of this analogue of the
Rdredsite. It should be mentioned that all high-spin non-Kramers
species studied so far were characterized byD < 0, whereas
this complex is characterized byD > 0. This is only the fourth
S ) 2 spin system investigated by HFEPR21-23 and the first
high-spin system that is biologically relevant. Randomly oriented
samples were used to further our understanding of powder
patterns in systems characterized by large zfs. This forms a first
step toward the ultimate goal of applying HFEPR to high-spin
protein sites.

Experimental Section

The compound [PPh4]2[Fe(SPh)4] was prepared by published meth-
ods20 using commercially available reagents. HFEPR samples were
prepared by grinding [PPh4]2[Fe(SPh)4] with KBr under an inert
atmosphere and then forming a solid pellet.30

HFEPR experiments were performed at the National High Magnetic
Field Laboratory, Tallahasee, FL. A superconducting Oxford Instru-
ments magnet system (field strength 17 T) capable of high sweep rates
(up to 0.5 T/min) was used. The microwave sources were two Gunn
diodes of 95 and 110 GHz nominal frequencies. Harmonic generators
permitted experiments at nominal frequencies ofn × 95 andn × 110
GHz, wheren is an integer from 2 to 4. Spectra run at higher frequencies
have reduced signal-to-noise ratios since the microwave power falls
off rapidly at the higher harmonics. High-pass filters were used to
eliminate lower harmonics; however, higher harmonics frequently were
evident in the experimental spectra. Phase detection with a magnetic
field modulation was employed. A liquid-helium-cooled InSb bolometer
from QMC Instruments was used as the detector. Further details will
be described in a forthcoming paper.31

The experiments described in this report were performed using a
single-pass transmission setup. This configuration is characterized by
a lower sensitivity than the one using a resonator in terms of absolute
number of spins/G detectable. However, due to much larger sample
volume (up to 0.5 mL) available in the transmission configuration and
the fact that at high frequencies only multimode resonators of relatively
low conversion factors can be used, the difference in concentration
sensitivity between the two versions is lower than one might expect,
approximately 1 order of magnitude.32 The single-pass setup has the
great advantage of operation over a broad range of frequencies. As
shown in this paper, this multifrequency capability is of great help in
identifying and following EPR transitions in the complicated spectra
that characterize integer-spin complexes.

EPR spectra were simulated using the computer program SIM.33-35

SIM calculates the energy levels of the spin state by full-matrix
diagonalization of the spin Hamiltonian. The standard spin Hamiltonian
was used (eq 1), in which it was assumed thatD andg are collinear.
Resonant fields were determined by the energy differences between

levels, with the simulated line shape determined by considering both
transition probabilities and Boltzmann population differences between
the energy levels. The output from SIM was also used to determine
the angular dependence of resonant fields.

Results and Discussion

HFEPR Spectroscopic Measurements.An S ) 2 spin
system has five degenerate energy levels (Ms ) (2, (1, 0) in
the absence of zero-field-splitting effects (Figure 2, left). The
degeneracy of these levels is broken in the presence of zfs, such
as caused by spin-orbit coupling, according to the spin
Hamiltonian in eq 1. A purely axial zfs leads to the splitting
indicated in the middle of Figure 2, while the effect of a rhombic
zfs (E * 0) leads to the splitting illustrated on the right-hand
side of this figure. The labels for the energy levels of Figure 2
are strictly accurate only at very low magnetic fields; however,
the low-field labels will be used throughout this paper for
simplicity. The composition of the zero-field eigenfunctions of
eq 1 is as follows:24

HFEPR spectra were collected on a ground sample of [PPh4]2-
[Fe(SPh)4] in a KBr pellet at 20 K over the nominal 94-371
GHz frequency range; the data are shown in Figure 3. The EPR
signal is plotted for each frequency as a function of the applied
magnetic field. The spectra are quite complicated, with many
features observable at a few frequencies that disappear at higher
and/or lower frequencies. At the lower frequencies (95-216
GHz), there is one feature at low field that moves to higher
field as frequency increases, from 0.49 T at 95 GHz to 1.83 T
at 216 GHz. At the higher frequencies, this feature disappears.
There is one other feature evident at lower frequencies which
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Figure 2. An S) 2 state undergoing axial (D) and rhombic (E) zero-
field splitting. The eigenfunctions are given in eq 2.

|2s〉 ) [1/2(1 + D/(D2 + 3E2)1/2)]1/2(|+2〉 + |-2〉)/21/2 +

[1/2(1 - D/(D2 + 3E2)1/2)]1/2|0〉 (2a)

|2a〉 ) (|+2〉 - |-2〉)/21/2 (2b)

|1s〉 ) (|+1〉 + |-1〉)/21/2 (2c)

|1a〉 ) (|+1〉 - |-1〉)/21/2 (2d)

|0′〉 ) [1/2(1 - D/(D2 + 3E2)1/2)]1/2(|+2〉 + |-2〉)/21/2 -

[1/2(1 + D/(D2 + 3E2)1/2)]1/2|0〉 (2e)
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moves from 1.92 T at 95 GHz to 6.89 T at 216 GHz; it seems
to merge in with an intense feature at 8.96 T in the 278 GHz
spectrum. At higher frequencies, several features are evident in
the 0-4 T range, whose frequency-dependent behavior is not
clear upon initial inspection. It appears that several resonances
just begin to be observable at these higher frequencies by virtue
of the larger microwave quanta (ca. 10 cm-1). In contrast to
the confusion at lower fields, at higher fields there are two sets
of signals that move from 6.25 and 7.43 T at 108 GHz to 10.48
and 11.01 T at 371 GHz. In addition, there is a sharp line that
appears nearg ) 2, the resonant field of the free electron, in
all the spectra, which is denoted by a “+”. This feature is of
unknown origin but might originate from a small organic radical
impurity, or perhaps it is due to a multiple-quantum transition.
Further research is needed on this transition.

In an axial system, it would be expected that the dominant
features would have a frequency variation that approached that
of the g ) 2 resonance23 and moved to higher field as the
frequency increased. Clearly, the dominant features do not have
such a frequency dependence. This system is not a simple axial
system.

EPR selection rules dictate that transitions between energy
levels are allowed only if the condition∆Ms ) (1 is met.36 A
qualitative understanding of why certain transitions disappear
at either high- or low-fields may be obtained from this simple
“allowedness” argument. Transitions between energy levels gain
intensity by virtue of each energy level having some component
of Ms states such that the transition has some∆Ms ) (1
character. As the composition of each energy level changes in
response to the magnetic field, the “allowedness” of many
transitions changes dramatically, from highly allowed at one
value of the field to totally forbidden at higher (or lower) fields.
This is the reason most resonances in the HFEPR spectra of
[PPh4]2[Fe(SPh)4] are observed at only a few frequencies. As
this complex is an integer-spin complex experiencing significant
rhombic zfs, the energy levels result from a mixture of several

Ms states; this degree of mixing and the composition of each
energy level are quite field dependent, leading to a transition
being allowed at certain values of the magnetic field (and hence
certain frequencies) but only very weakly allowed (if at all) at
other field positions. For example, the two levels denoted|1a〉
and |1s〉 (see Figure 2) have the zero-field compositions given
in eq 2. Clearly, at low fields there is no∆Ms ) 1 component
in a transition between these two levels. At the strong field limit
(D , gâH) for a rhombic system (E/D ) 0.25) the composition
of these levels differs depending upon which molecular axis
(X, Y, or Z) is parallel to the magnetic field. When the magnetic
field is parallel to theY axis, the energy level derived from|1s〉
has the high-field composition of dominantly|-1〉, while the
energy level derived from|1a〉 is dominantly|0〉 at high field.
Clearly, at high fields, there is a∆Ms ) 1 component to
transitions between the|1s〉 and |1a〉 energy levels. The allow-
edness of the transition between these levels will change as the
magnetic field changes. Unraveling the electronic structure of
such a system is not possible from simple inspection of the EPR
spectra, as clearly the zero-field splitting is of the same order
of magnitude as the Zeeman splitting under all accessible
frequencies and the zfs is appreciably rhombic. Fortunately, the
zfs of [PPh4]2[Fe(SPh)4] has been investigated by a variety of
other techniques,15,16 indicating thatD = +6 cm-1 andE/D =
0.25.

Theoretical resonant field vs frequency diagrams were used
to check the reported rhombicity andD values and to identify
spectral features. The analytical expressions of Baranowski et
al.37 were used to generate the resonant field vs frequency
diagrams for various values of E/D. These expressions provide
the energy of the five energy levels along each of theX, Y, and
Z axes ofg, assuming that bothg and D are collinear. The
resonant field vs frequency diagram forE/D ) 0.25 is shown
in Figure 4. In this figure, the resonant field is plotted in the
form of Zeeman energy (gâH) normalized by the axial zfs
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Figure 3. HFEPR spectra for a sample of [PPh4]2[Fe(SPh)4] pressed
into a KBr pellet collected at 20 K in the 94-324 GHz frequency range.
Each spectrum is labeled with its nominal frequency. Features marked
with an “×” arise from a higher harmonic of the fundamental frequency,
and “+” indicates ag ) 2 impurity.

Figure 4. Plot of Zeeman energy vs microwave energy, normalized
by D, for anS ) 2 state characterized byg ) 2 and rhombicityE/D
) 0.25. The plotted lines indicate the resonant field position (H) as a
function of the microwave frequency,ν, for transitions which have a
∆Ms ) (1 component under either low-field or high-field conditions.
The applied magnetic field is parallel to either theX axis (dashed line),
Y axis (dotted line), orZ axis (solid line).
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parameterD; this is plotted as a function of the transition energy
(hν ) ∆E) which is also normalized byD. Each curve indicates
the field/frequency response of a transition that has some∆Ms

) 1 character at either high field or zero field; transitions with
no ∆Ms ) 1 character were not considered. For this reason,
there are numerous transitions that may be only weakly allowed
and therefore unobservable in powder samples.

If a vertical line is drawn athν/D ) 1, this reveals the
approximate resonant position expected whenhν ) D for each
of the allowed transitions. It can be seen that there should be
three transitions at low fields (gâH/D ) 0.2-0.6) and four
transitions at higher fields (gâH/D ) 1.0-1.5). In fact, this
pattern of resonances is essentially observed at 189 GHz (hν )
6.33 cm-1), where three transitions are observed in the 0-4 T
range and three transitions are observed in the 6-11 T range
(Figure 3). Thus, the HFEPR spectra are consistent withD =
+6 cm-1 andE/D = 0.25. In this manner, the two EPR features
observed at high fields at most frequencies were identified as
likely arising from the|1s〉 f |2a〉 (line A in Figure 4) and|1a〉
f |1s〉 (line B in Figure 4) transitions. Other frequencies (hν/D
values) may be explored in a similar fashion. This provides a
qualitative way to identify the various dominant spectral features
without resorting to simulation; furthermore, it provides a quick
check on the magnitude ofD derived from other sources, such
as Mössbauer data, which give less precise values ofD andE
than EPR data.

Far-Infrared Resonances in Zero-Field.The strength of
EPR is that very precise measurements of bothg and D are
possible; however, this is also a weakness, as uncertainties ing
will lead to uncertainties inD and vice versa. If it were possible
to obtain the zfs parameters without the complication of Zeeman
splitting, greater accuracy in these parameters would be possible.
Fortunately, [PPh4]2[Fe(SPh)4] has been studied by far-IR
absorption spectroscopy.16 These far-IR measurements were
carried out in zero applied field and provide an accurate
measurement of the energies of the fiveMs levels, according to
the Hamiltonian in eq 3. Those workers16 quoted zfs parameters

which they derived only from the energies of the three lowest
levels (see Figure 2) by a simple approximation and did not
consider the energies of the two uppermost levels. In this
manner, there was a discrepancy between the observed and
calculated transitions involving the two uppermost levels. It was
suggested16 that higher-order zfs terms might be the origin of
this discrepancy.

Far-IR transition energies were refit using analytical expres-
sions of Baranowski et al.37 to better account for the entire data
set and to obtain accurate zfs parameters. The energies of the
transitions, both those reported and the fit values, are listed in
Table 1. To fit the far-IR data, a spreadsheet was constructed,
and thenD andE were stepped through 0.01 cm-1 increments.
The error was defined as the sum of squares difference between
the reported far-IR transition energy and the calculated transition
energy for each of the six reported transitions. The error surface
is shown as a contour plot in Figure 5, in which isovalue error
curves are displayed as a functions ofE andD. Clearly, bothE
and D are well defined by the far-IR data; the best fit was
obtained withD ) 5.82(0.04 cm-1, andE ) 1.44(0.02 cm-1,
for a rhombicity ofE/D ) 0.24-0.25. We note that these best-
fit values are slightly different from those reported earlier;
specifically,D is some 0.2 cm-1 smaller. Nevertheless, this small
difference led to appreciable differences in the EPR simulations.

Finally, the spin Hamiltonian (eq 3) incorporating only axial
and rhombic zfs terms adequately described the ground-state
of [PPh4]2[Fe(SPh)4]; higher order zfs terms are not necessary,
as was previously suggested.16

Simulations of the HFEPR Spectra. Simulations were
performed using the zfs parameters from the best-fit region of
the far-IR data set. Very quickly, it became apparent that an
anisotropicg was required, withgz = 2 andgx, gy = 2.1. Trial
and error led to the “best” simulations, which incorporated the
following parameters:gx ) gy ) 2.08,gz ) 2.00,D ) +5.84
cm-1, E ) +1.42 cm-1. The estimated uncertainty in each
parameter is(2%. Three representative simulations are shown
in Figures 6 and 7. The 189.38 GHz spectrum (A), with a
simulation (B), is shown in Figure 6. There is excellent
agreement between the observed and simulated resonant fields
and intensities. The lowest field features, at 1.6 and 1.8 T, are
split in the experimental spectrum, whereas simulations indicate
that the two features are unresolved. The feature at 1.6 T may
be a signal from an impurity such as Fe3+, as it is quite sharp;
however, its field-frequency behavior matches that predicted
for a genuine transition arising from the Fe2+ sample. The
spectrum recorded at a nominal frequency of 324.45 GHz is
shown in Figure 7, with two simulations. The first simulation
was performed at a frequency of 324.45 GHz (Figure 7B) and

H ) D[Sz
2 - 1/3S(S+ 1)] + E[Sx

2 - Sy
2] (3)

Table 1. Zero-Field Transitions of [PPh4]2[Fe(SPh)4]a

calcd, cm-1

transition
exptl

(far-IR datab), cm-1 c d e

|0′〉 f |1a〉 2.7 2.69 2.52 2.57
|0′〉 f |1s〉 11.2 11.21 11.16 11.09
|1a〉 f |1s〉 8.6 8.52 8.64 8.52
|1a〉 f |2a〉 21.8 22.20 21.78 21.78
|1s〉 f |2a〉 13.1 13.68 13.14 13.26
|1s〉 f |2s〉 14.1 14.65 14.16 14.25

a The experimental points are from far-IR measurements, and the
calculated energies are from analytical solutions for the indicated values
of D and E. b Data fromJ. Chem. Phys.1977, 66, 1819-1825. All
transitions have an estimated uncertainty of(0.2 cm-1. c Calculated
from analytical expressions forD ) +5.98 cm-1 andE ) 1.42 cm-1.
d Calculated from analytical expressions forD ) +5.82 cm-1 andE
)1.44 cm-1. e Calculated from analytical expressions forD ) +5.84
cm-1 andE ) 1.42 cm-1.

Figure 5. Isoerror curves as functions ofD and E from fitting the
far-IR energies to theoretical equations. The best fit is characterized
by D ) +5.82 ( 0.06 cm-1 andE ) +1.44 ( 0.02 cm-1.
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accounts for most of the experimental features, such as the sharp
signal at 1.5 T and the split feature near 9.8 T. However, as
stated in the Experimental Section, higher harmonics produced
by the frequency multiplier can pass through; in this case,
radiation from the fourth harmonic of the 110 GHz source
(432.60 GHz) passes through. A simulation at this higher
frequency (Figure 7C) is also shown, and as can be seen, it
accounts for the two remaining features at 0.4 and 2.6 T.

The observed features which correspond to axial resonances
(H|X, Y, or Z) are plotted in Figure 8, together with the simulated
features, in the form of a resonant field vs frequency diagram.
There is excellent correspondence between the calculated and
the observed resonant field positions. From a comparison with
Figure 4, assigning the features is straightforward. The two
branches marked “A” arise from a resonance along the molecular

Z axis between the|1s〉 and |2a〉 energy levels. The transition
|1a〉 f |1s〉 has a frequency dependence as shown by the
branches marked “B” (forH|Y) and “E” (for H|X). Two of the
three remaining resonances (lines C and D) each indicate the
frequency dependence of transitions between the energy levels
|1a〉 and |0′〉, “C” for H|X and “D” for H|Y. The final branch
(F) is only evident at the highest frequencies and indicates the
frequency behavior of a resonance between the|0′〉 and |1a〉
levels whenH|Y.

The Zeeman energy splittings of Fe2+ along the three
molecular axes were calculated and are plotted in Figure 9. In
this figure, the Zeeman splitting whenH is parallel with each
of the molecular axes,X, Y, andZ, is plotted in a separate frame.
It is very clear that the splittings of these levels are quite
different along each axis and that there is a great deal of
curvature in the Zeeman splittings, which indicates extensive
level mixing. EPR resonances are possible at fields where the
resonance condition is met (gâH ) hν); the observed resonances
at 189.83 GHz are indicated by vertical bars.

The results of the present study underscore the value of a
multifrequency approach to investigate high-spin transition metal
ions having large and considerably rhombic zfs tensors. Such
an approach can greatly facilitate attributing observed EPR peaks
to transitions between particular spin levels, as shown in Figure
8. Also, it allows one to “tune in” the spin system under study
by selecting a frequency yielding maximum information on that
system. This frequency strongly depends on the zfs param-
eters and need not be highest one available; in the case of zfs
on the order of 6 cm-1 and high rhombicity of E/D. 0.25, it
happens to be around 190 GHz; in other systems, it will be
different.

Of the two parameters characterizing the new technique of
HFEPR, namely high frequency and high magnetic fields, the
latter appears to have at least as much importance as high, and
adjustable, frequency. By looking at Figure 9, one may conceive
an extension of an X- or Q-band spectroscopy by adding a
sweepable superconducting magnet to a conventional spectrom-
eter. Several transitions would then be potentially observable
at high fields, particularly near the level crossing/anticrossing
regions, which are inaccessible with conventional electro-
magnets.

Figure 6. (A) HFEPR spectrum for a sample of [PPh4]2[Fe(SPh)4]
pressed into a KBr pellet collected at 20 K and a frequency of 189.38
GHz. (B) Simulated 189.38 GHz HFEPR spectrum using the following
parameters:gx ) gy ) 2.08,gz ) 2.00,D ) +5.84 cm-1, E ) +1.42
cm-1.

Figure 7. (A) HFEPR spectrum for a sample of [PPh4]2[Fe(SPh)4]
pressed into a KBr pellet collected at 20 K and a frequency of 324.45
GHz. (B) Simulated 324.45 GHz HFEPR spectrum using the following
parameters:gx ) gy ) 2.08,gz ) 2.00,D ) +5.84 cm-1, E ) +1.42
cm-1. (C) Simulated 432.60 GHz HFEPR spectrum using the following
parameters:gx ) gy ) 2.08,gz ) 2.00,D ) +5.84 cm-1, E ) +1.42
cm-1.

Figure 8. Resonant field vs frequency diagram for axial resonances
of [PPh4]2[Fe(SPh)4]. The experimentally observed resonances ([) are
plotted along with the resonance positions from simulations (solid lines).
See the text for simulation parameters.
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Interpretation of Spin Hamiltonian Parameters. Fe2+ (d6)
in a tetrahedral coordination environment has an orbitally
degenerate5E ground state.19 The Jahn-Teller effect can lift
this orbital degeneracy by either a compression or an elongation
along a tetragonal axis, leading to a5A1 or a 5B1 ground state,
respectively. This splitting is shown in Figure 10; a5A1 ground
state indicates that the dz2 orbital has the “extra” electron,
whereas a5B1 ground state indicates that adx2-y2 orbital has
the extra electron. The origin of zero-field splitting is the spin-
orbit coupling between the ground state and nearby excited
electronic states.18-20,38The spin-orbit contribution is inversely
proportional to the energy difference between the ground state
and an excited state, and for this reason, the principal contri-
butor to the zfs of a5E derived state is the low-lying5T2 excited
state.

Perturbation relationships have been derived that relate the
spin Hamiltonian (eq 1) parameters (g, D, E) to more funda-
mental parameters (λ, F, 10Dq, δ) that reflect this spin-orbit
interaction. The spin-orbit coupling constant isλ, F is the spin-
spin coupling constant,∆ is the crystal field splitting between
the5E and5T2 states (∆ ) 10Dq), andδ is an angle that accounts
for distortions of this crystal field from simple cubic sym-
metry. For a 5A1 ground state, these relationships are as

follows:11,23,39

The ground state in this formalism is an admixture of the
two lowest levels represented11 by Ψ ) [(cos δ)|5B1〉 + (sin
δ)|5A1〉]. The observation of a positiveD value requires that
the ground state be dominantly5A1; however, a rhombic
component (E * 0) is only possible if these states mix, which
is indicated by varyingδ from 90°. The reduction ofλ from
the free ion40 value (λfree ) -104 cm-1) can be calculated as
-80 cm-1. If we takeF as 0.95 cm-1 41 and∆ as 6000 cm-1 15

and use our simulated zfs parameters ofD ) +5.84 cm-1 and
E ) +1.42 cm-1, we calculate the distortion parameter asδ )
100° from eqs 4a and 4b. This indicates that the ground state is
predominantly (97%)5A1 (dz2 orbital lowest), with a small
component (3%) of5B1 mixed in. Furthermore, from this derived
distortion δ, we calculateg to be (gx ) 2.09,gy ) 2.06,gz )
2.00), which is in very good agreement with our simulations
(gx ) gy ) 2.08,gz ) 2.00).

The same perturbation relationships may be used to estimate
the zfs of Rdred. The optical spectra reveal a d-d transition at
6250 cm-1, which provides a good estimate for∆, and
Mössbauer data indicate that the rhombicity isE/D ) 0.28. The
distortion parameterδ may be obtained by the relationship11

E/D ) 1/31/2(tan 2δ). This relationship indicates thatδ ) 103°,
which is quite close to the value observed for [PPh4]2[Fe(SPh)4].
If we assumeλ ) -80 cm-1 andF ) 0.95 cm-1, as was done
above, the zfs parameters for Rdred are estimated by eqs 4a and
4b asD ) +5.3 cm-1 andE ) +1.5 cm-1. This is in contrast
to the results from fitting Mo¨ssbauer data, where the zfs
parameters were fit asD ) +7.6 cm-1 andE ) 2.1 cm-1. It

(38) Bertrand, P.; Gayda, J.-P.Biochim. Biophys. Acta1988, 954, 347-
350.

(39) Ono, K.J. Phys. Soc. Jpn.1957, 12, 1231-1238.
(40) Figgis, B. N.Introduction to Ligand Fields; Interscience: New York,

1966.
(41) Pryce, M.Phys. ReV. 1950, 80, 1107-1108.

Figure 9. Plots of the energy vs field for the five energy levels arising
from anS) 2 spin state withgx ) gy ) 2.08 andgz ) 2.00 that is split
by zero-field splitting whereD ) +5.84 cm-1 andE ) +1.42 cm-1.
The field is parallel to the molecular axis that is indicated in each frame.

Figure 10. Ligand field splitting of a high-spin Fe2+ ion. The free ion
in the5D state experiences a tetrahedral crystal field of 6000 cm-1 that
splits the5D state into a ground5E state and an excited5T2 state. A
tetragonal compression breaks the orbital degeneracies of these states,
yielding the splitting pattern on the right.

D ) -3(F + λ2/∆) cos 2δ (4a)

E ) -31/2(F + λ2/∆) sin 2δ (4b)

gx ) ge - 2(λ/∆)(cosδ - 31/2 sin δ)2 (5a)

gy ) ge - 2(λ/∆)(cosδ - 31/2 sin δ)2 (5b)

gz ) ge - 8(λ/∆) cos2 δ (5c)
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appears that the reported magnitude ofD for Rdred is too large
for two reasons. First,D for [PPh4]2[Fe(SPh)4] had also been
reported42 to be a similar, large value (7.55 cm-1) from
Mössbauer spectra, which indicates the inaccuracy ofD values
resulting from those fits. Second, the observed d-d transition
of Rdred implies that∆ is close to 6250 cm-1, which requires
that |D| < 6 cm-1 within the approximation of eq 4a. It would
be interesting to investigate Rdredby HFEPR, to better determine
the magnitude ofD. HFEPR provides another tool for the
analysis of the active sites of ferrous enzymes.

Conclusions

The electronic structure of the Rdred model [PPh4]2[Fe(SPh)4]
has been successfully characterized by high-frequency EPR
spectroscopy on a randomly oriented sample. Multiple transi-

tions between the non-Kramers doublets and singlet of theS)
2 ground state have been observed, providing direct measure-
ment of zero-field splitting parameters andg values. The ground-
state electronic properties are quite similar to those of Rdred.
This system is only the thirdS ) 2 transition metal ion
characterized by HFEPR, and this is the first time the ferrous
ion has been studied by this technique. This study is a step
toward the investigation of high-spin biological systems.
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