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ABSTRACT:

The preparation and characterization of a mixed-valence π-cation radical derivative of an iron(III) oxochlorinato complex is
reported. The new complex has been synthesized by the one-electron oxidation of a pair of [Fe(oxoOEC)(Cl)] molecules to form
the dimeric cation [Fe(oxoOEC)(Cl)]2

+. The cation has been characterized by X-ray analysis, M€ossbauer spectroscopy, UV�vis
and near-IR spectroscopy, and magnetic susceptibility measurements from 6�300 K. The crystal structure shows that the two rings
have a smaller overlap area than those of the formally related nickel and copper octaethylporphinate derivatives, reflecting the larger
steric congestion at the periphery in part of the oxochlorin rings. The M€ossbauer data is consistent with two equivalent iron(III)
centers. The unpaired electron is delocalized over the two oxochlorin rings and mediates a strong antiferromagnetic interaction
between the high-spin iron(III) centers.

’ INTRODUCTION

The electronic interactions between pairs of porphyrin rings
with the π systems in close proximity play an important role in
such diverse systems as photosynthesis1 and organic conduc-
tors.2 The photosynthetic proteins include the light-harvesting
chlorophyll arrays3 and the photosynthetic reaction center
(RC)4 special pair.5 The photoinduced formation of the one-
electron oxidized reaction center special pair (the primary donor,
often called P+) is the first step in the conversion of light energy
to chemical energy. The presence of a strongly interacting pair of
bacteriochlorophylls in photosynthetic bacterial reaction centers
was originally inferred from spectroscopic measurements.6 The
special pair of the reaction center from the purple bacterium
Rhodopseudomonas viridis has two bacteriochlorophyll planes
separated by about 3.3 Å in a “slipped” conformation, as shown
by X-ray structure determination.7 Structures of reaction centers
from other bacteria show similar structures for their special
pairs.8 The special pair has important physiochemical properties,
and an understanding of the structural basis for the interaction
of the pair of bacteriochlorophylls is of interest. Two different,

broad classes of bisporphyrin compounds have been studied as
the photosynthetic reaction center models, i.e., covalently linked
species9�17 and sandwich complexes.18�25

As an alternative to this approach for studying the photoox-
idized special pair of the reaction centers, we have shown that
metallooctaethylporphyrinate derivatives can be oxidized to form
π-cation radical derivatives in which only one electron is
removed per two porphyrin rings rather than the expected one
electron per porphyrin ring.26�28 We suggested “mixed-valence
π-cation radical” as a descriptive name for this new class of
synthetic porphyrin derivatives because the unpaired porphyrin
electron is delocalized over the pair of porphyrin rings. The
species were exceptionally stable and thus could allow for
detailed physical characterization. We have attempted to extend
the characterization of mixed-valence π-cations to derivatives
of iron octaethylporphyrinates because a number of methods
might be used to better understand the electron delocalization,
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spin�spin coupling, and electronic communication. Unfortu-
nately, all of the iron octaethylporphyrinate derivatives that we
attempted to prepare were plagued by extreme insolubility, and
no derivative appropriate for characterization could be obtained.

We have now been able to prepare and characterize a related
mixed-valence species based on the porphyrin ligand oxooc-
taethylchlorin (oxoOEC) that has one modified pyrrole ring.
The new complex, [Fe(oxoOEC•/2)(Cl)]2SbCl6, has been char-
acterized by X-ray analysis, UV�vis and near-IR spectroscopy,
M€ossbauer spectroscopy in both low and high applied magnetic
field, and magnetic susceptibility measurements between 6 and
300 K. The measurements are consistent with two high-spin
iron(III) centers strongly coupled by the mediation of the
unpaired electron that must be delocalized over both rings.

’EXPERIMENTAL SECTION

General Information. H2OEP was synthesized by literature
methods.29 Iron(II) chloride was purchased from Acros, and tris-(4-
bromophenyl)aminium hexachloroantimonate was purchased from
Aldrich. Dichloromethane and hexanes were distilled under argon
from CaH2 and sodium/benzophenone, respectively. H2(oxoOEC)
was synthesized by literature procedures.30�32 Insertion of iron into
H2(oxoOEC) was accomplished by the reaction of the free base and
iron(II) chloride in DMF.33 [Fe(oxoOEC•)(Cl)]SbCl6 was prepared
by literature methods.34 Reactions involving the π-cation radical were
performed under argon using a double manifold vacuum line, Schlenk-
ware, and cannula techniques.
Synthesis of [Fe(oxoOEC•/2)(Cl)]2SbCl6. [Fe(oxoOEC)(Cl)]

(18.8 mg, 0.029 mmol) and tris(4-bromophenyl)aminium hexachlor-
oantimonate (12 mg, 0.015 mmol) were placed in a 100 mL Schlenk
flask, and dichloromethane (∼15 mL) was added. The solution was
stirred for 1 h. Hexane was added to induce precipitation. The preci-
pitate was filtered under argon and allowed to dry under vacuum for
several hours. UV�vis/near-IR (CH2Cl2 solution): λmax (log ε): 384
(4.7), 496 (3.9), 601 (4.0), 741 (3.4), 1417 (3.0) nm.
UV�Visible/Near-IR SpectroscopicMeasurements. Absorp-

tion spectroscopy was recorded on a Perkin-Elmer Lambda 19 UV�vis/
near-IR spectrometer. CH2Cl2 solutions of neutral Fe(oxoOEC)(Cl)]
and the π-cation radical Fe(oxoOEC•)(Cl)]SbCl6 were each placed in
one of the compartments of a Teflon-stoppered quartz mixing cell (total
path length 0.87 cm). The experiments used the same concentrations for
the two species. The “before reaction” spectrum was recorded from 300
to 3000 nm, the cell was then inverted, the two solutions were mixed
thoroughly, and an “after reaction” spectrum was taken over the same
spectral range.
X-ray Structure Determinations. X-ray diffraction data were

collected on a Nonius FAST area-detector diffractometer. Our detailed
methods and procedure for small molecule X-ray data collection have
been described previously.35 The structure was solved by direct
methods.36 The structure was refined against F2 using SHELXL,36 in
which all data collected were used including negative intensities.
Hydrogen atoms of the porphyrin ligand and the solvent molecules
were idealized with the standard SHELXL idealization methods. The
absorption correction program DIFABS37 was applied. Brief crystal data
are listed in Table 1. Complete details of the structure determination are
available in the Supporting Information.
Physical Characterization. IR spectra were obtained on a Perkin-

Elmer model 883 as KBr pellets. M€ossbauer measurements were
performed on a constant acceleration spectrometer from 4.2 to 300 K
with optional small field and in a 9 T superconducting magnet system
(Knox College). M€ossbauer velocity scales are referred to the centroid
of the room temperature spectrum of a metallic iron foil. Magnetic

susceptibility measurements were obtained on ground samples in the
solid state over the temperature range of 6�300K on aQuantumDesign
MPMS SQUID susceptometer. All samples were immobilized in Dow
Corning silicone grease. Measurements at two fields (2 and 20 kG)
showed that no ferromagnetic impurities were present. χMwas corrected
for the underlying porphyrin ligand diamagnetism according to previous
experimentally observed values;39 all remaining diamagnetic contribu-
tions (χdia) were calculated using Pascal’s constants.40,41 All measure-
ments included a correction for the diamagnetic sample holder and
diamagnetic immobilizing agent. Magnetic susceptibility andM€ossbauer
spectroscopic measurements were taken on portions from the same
sample preparation.

’RESULTS AND DISCUSSION

Structural Properties. The molecular structure and stoichi-
ometry of the mixed-valence π-cation radical [Fe(oxoOEC•/2)-
(Cl)]2SbCl6 has been determined by an X-ray structure analysis.
Figure 1 shows a labeled ORTEP diagram of the crystallogra-
phically unique portion of the dimeric [Fe(oxoOEC•/2)(Cl)]2

+

cation and the associated half [SbCl6]
� ion that has crystal-

lographically required inversion symmetry.
The equatorial Fe�N bond distances range from 2.047(8)

to 2.124(8) Å; there are two types of Fe�N bond distances
as observed in [Fe(oxoOEC)(Cl)],34 [Fe(oxoOEC•)(Cl)]-
SbCl6,

34 and other metal β-oxoporphyrins.42�48 The metal to
nitrogen distance is longer to the pyrrolinone ring than that to
the pyrroles: Fe�N(2) = 2.124(8) Å vs the averaged Fe�Np

distance = 2.060(18) Å, comparable to those found in [Fe-
(oxoOEC)(Cl)] 2.125(5) Å vs 2.061(5) Å) and [Fe(oxoOEC•)-
(Cl)]SbCl6 (2.106(6) Å vs 2.052(7) Å). Differences between the
three species appear to be a consequence of differences in the
macrocyclic conformation. The axial Fe�Cl distances and iron
atom displacements are also similar; a complete comparison is
shown in Figure 2. We can thus conclude that the oxidation must
be primarily that of ring oxidation and not oxidation of an Fe(III)
center.

Table 1. Brief Crystallographic Data and Data Collection
Parameters

[Fe(oxoOEC•/2)(Cl)]2SbCl6

formula C36H44ClFeN4 3 0.5SbCl6 3CH2Cl2
FW 892.2

a (Å) 10.333(2)

b (Å) 12.555(3)

c (Å) 15.849(3)

R (deg) 83.64(3)

β (deg) 77.53(3)

γ (deg) 87.19(3)

V (Å3) 1994.6(7)

Z 2

space group P1

Dc (g/cm
3) 1.486

F(000) 915

μ (mm �1) 1.146

radiation (λ, Å) 0.71073

temperature (K) 127(2)

final R indices [I > 2 σ(I)] R1 = 0.0983; wR2 = 0.2397

final R indices [for all data] R1 = 0.1633; wR2 = 0.2935
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Figure 3 shows a formal diagram giving the perpendicular
displacements of each atom from a 24-atommean plane. All three
[Fe(oxoOEC)Cl] complexes of Figure 2 have a saddled con-
formation, but the magnitude of the saddle distortion decreases
with increasing oxidation level. The mixed-valence complex has
β-carbon atom displacements ranging from(0.03�0.26 Å from
the 24 atommean plane and an absolute average value of 0.13(5)
Å. The neutral complex has the β-carbon atom displacements of
(0.10�0.22 Å with an absolute average of 0.17(4) Å, while the
β-carbon atoms are displaced by(0.00�0.18 Å with an absolute
average of 0.09(6) Å in the π-cation radical complex.
As might well be expected for this two porphyrin ring system

oxidized by a single electron, there is a significant pairwise inter-
action of the two β-oxo porphyrin rings. The inter-ring geometry
between the closest pair in [Fe(oxoOEC•/2)(Cl)]2

+ is shown in
Figure 4. The inter-ring interaction parameters are listed in
Table 2,49 along with those of Fe(oxoOEC)(Cl)] and [Fe-
(oxoOEC•])(Cl)]SbCl6 and other related iron derivatives. As
shown in Table 2, the Fe 3 3 3 Fe distance, lateral shift, and mean
plane separation all decrease upon oxidation of [Fe(oxoOEC)-
(Cl)] to the mixed-valence [Fe(oxoOEC•/2)(Cl)]2SbCl6, which

however is inverse of what is observed on oxidation of [Fe-
(oxoOEC)(Cl)] to the π-cation radical [Fe(oxoOEC•)(Cl)]-
SbCl6. Thus, the inter-ring interactions in the [Fe(oxoOEC)-
(Cl)] series follow the order: mixed-valence π-cation radical >
neutral >π-cation radical, which is different from the observation
in the solid-state structures of sterically unencumbered four-
and five-coordinate metallooctaethylporphyrins,28 where the
magnitude of the inter-ring interactions decrease in the order of

Figure 1. ORTEP diagram with the atom labeling scheme for the crystallographically unique portion of [Fe(oxoOEC•/2)(Cl)]2SbCl6 3 2CH2Cl2.
Thermal ellipsoids of all atoms are contoured at the 50% probability level. The [SbCl6]

� counterion is located at the inversion center at 0,0,0, and only
half of the atoms displayed in the anion are unique.

Figure 2. Schematic diagram comparing the FeN4Cl coordination
group geometries of the neutral (left), mixed-valence radical (middle),
and radical (right) derivatives of [Fe(oxoOEC)Cl]. All distances are in
angstroms.

Figure 3. Formal diagram giving the perpendicular displacements of
each atom from the 24-atommeanplane (inÅ� 102) for [Fe(oxoOEC•/2)-
(Cl)]2

+. All bond lengths and angles of the pyrrolinone ring are shown.
The remaining bond lengths and angles are averages of the pyrrole rings.
The estimated standard uncertainties are shown in parentheses; the
uncertainties of the bond parameters reported for the pyrrolinone ring
are those of the individual bond lengths and angles, while the numbers
in parentheses of the remaining bond parameters represent the esd’s
calculated for the averaged bond lengths and angles of the pyrrole rings.
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π-cation radical > mixed-valence π-cation radical > neutral.
Although there is less available data, a similar trend is seen for
the meso-tetraalkyl derivatives (Table 2). The smaller overlap
reflects that the oxoporphyrin derivatives, with their gem-dialkyl

ring substituent(s), will naturally have more difficulty in achieving
a strong ring�ring overlap. That a significant ring�ring overlap is
observed in themixed-valence [Fe(oxoOEC•/2)(Cl)]2SbCl6 com-
plex (Figure 4) is surely the result of the necessary delocalization of
the single unpaired electron over the two rings.
Electronic Spectra. A concentration-dependent spectral

study of the mixed-valence π-cation radical [Fe(oxoOEC•/2)-
(Cl)]2SbCl6 was carried out over the concentration range of
6.3� 10�5 to 1.0� 10�3 M. These spectra were compared with
the spectra obtained from equivalent concentrations of the
neutral and π-cation radical species. Representative spectra for
the UV�vis and near-IR regions are shown in Figures 5 and 6,
respectively. TheUV�vis spectrum of themixed-valence species,
represented by the dashed line, shows only very small changes
compared to the “before reaction” spectrum. This observation,
perhaps surprising, has also been observed in other mixed-
valence π-cation radicals.27 In the near-IR region, the absorption
maximum of the mixed-valence species (dashed line) occurs at
1417 nm and does not shift relative to the near-IR band observed
for the π-cation radical, [Fe(oxoOEC•)(Cl)]SbCl6 (solid line).
Most interestingly, both near-IR bands display only linear con-
centration-dependent behavior (Figure 6, right), indicating the
presence of only one species—either a monomer or a dimer—
over the complete investigated concentration range. Despite
these similarities, the near-IR bands of the two complexes have
distinct absorption coefficients; the values of the absorption
coefficient (ε) are 1028 and 1649 M�1 cm�1 for the mixed
valence and the π-cation radical complexes, respectively.
These near-IR features are in contrast to those from metal-

looctaethylporphyrin π-cation radicals�[M(OEP•/2)]2
+ and

[M(OEP•)]2
2+ (M2+ = Ni, Cu, Pd, Zn, vanadyl).27 The near-

IR bands of the mixed-valence species, [M(OEP•/2)]2
+, are red-

shifted relative to the near-IR bands observed for the π-cation
radical, [M(OEP•)]2

2+. The absorptions from both species are
strongly concentration dependent, which are associated with the
following equilibria

MðOEPÞ þ ½MðOEP•Þ�þsFRs
KMV ½MðOEP•=2Þ�2

þ ð1Þ

2½MðOEP•Þ�þsFRs
KD ½MðOEP•=2Þ�2

2þ ð2Þ
Figure 4. Edge-on (a) and top-down views (b) of inversion related
dimeric units of [Fe(oxoOEC•/2)(Cl)]2

+. Note that the two views are
rotated by 90� along the horizontal axis in the paper plane.

Table 2. Comparisons of Geometry between Closest Pairs of Rings and Magnetic Properties in [Fe(oxoOEC)(Cl)],
[Fe(oxoOEC•)(Cl)]SbCl6, and [Fe(oxo-OEC•/2)(Cl)]2SbCl6 and Related Species

compound Fe 3 3 3 Fe
a Ct 3 3 3Ct

a,b MPSa,c LSa,d μeff
e �2JFe�r

f �2JFe�Fe
f �2Jr�r

f Df ref

[Fe(oxoOEC)(Cl)] 7.77 8.13 3.39 7.39 5.90 NAg �0.28 NAg 6 34

[Fe(oxoOEC•)(Cl)]SbCl6 10.03 10.03 4.82 8.79 5.59 �76 �0.14 �13 6 34

[Fe(oxo-OEC•/2)(Cl)]2SbCl6 6.16 5.38 3.57 4.03 4.42 �700 �110 NAg 11.8 this work

[Fe(TPrP•)(Cl)]SbCl6] 4.51 3.65 3.35 1.44 5.02 �225 0.5 �36 7 52

[Fe(TEtP•)(Cl)]SbCl6 5.26 4.58 3.25 3.22 5.07 �193 0.4 �24 11 52

[Fe(OEP•)(Cl)]ClO4 4.11 3.25 3.24 0.2 � � � � � 50

[Fe(OEP•)(Cl)]SbCl6
h � � � � 5.52 �90 1 �278 3 50

[Fe(OEP•)(Br)]SbCl6
h � � � � 5.50 �118 3 �348 1 50

[Fe(TPP•)(Cl)]SbCl6
h � � � � 4.80 �100 � �16 3 54

[Fe(TTP•)(Cl)]SbCl6 5.39 4.70 3.68 3.13 � � � � � 55

[Fe(TEtP)(Cl)] 5.56 5.04 3.34 3.79 5.88 NAg 0.45 NAg 7 56

[Fe(TPrP)(Cl)] 6.44 5.64 3.66 4.29 5.90 NAg 0.17 NAg 7 56
aValues in Å. bCt is the center of the 24 atom porphyrin ring. cMPS = mean plane separation. d LS = lateral shift of two porphyrin rings. eValues in
μB at 300K.

fValues in cm � 1. gNot applicable. h Structure not measured.
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The magnitudes of the equilibrium constants for reactions 1
and 2 were found to range from ∼1600 to ∼20000 M�1 and
from ∼50 to ∼1100 M�1, respectively.
The concentration-independent near-IR absorptions seem to

be related to the Fe(III) center in the radical porphyrin com-
plexes. The related π-cation radical-[Cu(oxoOEC•)]SbCl6 shows
two broad, concentration-dependent near-IR bands observed at
1285 and 1548 nm.42 Moreover, very recently we reported that
two broad, near-IR absorption bands are concentration-indepen-
dent in the [Fe(TEtP•(Cl)]SbCl6 (Et = ethyl) and [Fe(TPrP•)-
(Cl)]SbCl6] (Pr = propyl) radicals.

52 In addition, the concentration-
independent behavior appears to have no relationship with the
strength of the intermolecular interaction. The crystal structures

reveal these two species form cofacial π�π dimers with
lateral shifts of 1.44 and 3.22 Å, respectively, for [Fe(TPrP•)-
(Cl)]SbCl6] and [Fe(TEtP

•)(Cl)]SbCl6, whereas [Fe(oxoOEC
•)-

(Cl)]SbCl6 and [Fe(oxoOEC•/2)(Cl)]2SbCl6, exhibit weaker
intermolecular interactions (Table 2). The likely origin of the
near-IR bands in the iron species is that of d-d transitions, but
the current study does not attempt to present an unequivocal
assignment of the near-IR bands.
M€ossbauer Spectra.M€ossbauer spectra of [Fe(oxoOEC•/2)-

(Cl)]2SbCl6 were recorded at various temperatures ranging from
4.2 to 298 K. Least-squares fitting of the spectra to Lorentzian
line shapes clearly indicates that each spectrum is comprised
of a single, asymmetric quadrupole-split doublet whose relative
intensities vary with temperature. Table 3 summarizes the
M€ossbauer fitting parameters. The isomer shift and quadrupole
splitting values are in the range of those observed for five-
coordinate high-spin iron(III) porphyrins (ΔEq = 0.4�1.0
mm/s; δ = 0.25�0.43 mm/s).50,51 The spectra have also been
measured at several applied magnetic fields ranging from 1 to 9 T
and are compared with the spectra obtained for the two related
species in Figure 7. The comparison of the quadrupole splitting
values of the neutral and radical complexes at 4.2 K as well as the
lack of a second signal demonstrates the purity of the sample.
Moreover, the unique value of the quadrupole splitting constant
demonstrates that a distinctly new compound has in fact been
prepared. The broad lines in the magnetic spectra and the line
widths of the “average-valence” doublet, larger than the instru-
mental line widths of ∼0.25 mm/s, are possibly reflective of the
complex magnetic coupling (vide infra).
Magnetic Properties. The magnetic susceptibility of [Fe-

(oxoOEC•/2)(Cl)]2SbCl6 has been measured between 6�
300 K. The values can be compared with the previously reported
susceptibilities of the related species to shed light on the effects of
differing radical states on the interactions between the iron and
radical centers. The magnetic moments at room temperature
for the neutral (parent) species, [Fe(oxoOEC)(Cl)], is 5.9 μB,

Figure 6. (Left) UV�vis spectra of equimolar solutions of [Fe(oxoOEC)(Cl)] and [Fe(oxoOEC•)(Cl)]SbCl6 held in the two compartments of a
mixing cuvette (“before reaction” spectrum, solid line). “After reaction” spectrum (dashed line) is obtained after the two solutions are mixed, which is
essentially identical with that pure of [Fe(oxoOEC•/2)(Cl)]2SbCl6. (Right) Plot of the absorbance of “before reaction”(•) and “After reaction”(3) as
functions of concentrations.

Figure 5. UV�vis spectra (300�800 nm) of equimolar solutions (con-
centration = 6.3 � 10�5) of [Fe(oxoOEC)(Cl)] and [Fe(oxoOEC•)-
(Cl)]SbCl6 held in the two compartments of a mixing cuvette (“before
reaction” spectrum (solid line)). “After reaction” spectrum (dashed line)
is obtained after the two solutions are mixed, which is essentially
identical with that given by pure [Fe(oxoOEC•/2)(Cl)]2SbCl6.



9119 dx.doi.org/10.1021/ic201292t |Inorg. Chem. 2011, 50, 9114–9121

Inorganic Chemistry ARTICLE

precisely that expected for a high-spin iron(III) complex. The
room-temperature magnetic moments for the radical, [Fe-
(oxoOEC•)(Cl)]SbCl6, is 5.59 μB per iron and that for the
mixed-valence radical, [Fe(oxoOEC•/2)(Cl)]2SbCl6, is 4.42 μB.
The moments for both radical species and especially the mixed-
valence species are notably less than the spin-only moments and
consistent with significantly increasing magnetic interactions in
the series. The complete set of temperature-dependent mo-
ments, measured from 6 to 300 K, are displayed in Figure 8.
The conclusions based on the comparison of the room-tempera-
ture magnetic moments are shown to extend over the entire
temperature range.
We attempted to obtain a quantitative description of the

spin�spin interactions that lead to the observed magnetic
susceptibilities of [Fe(oxoOEC•/2)(Cl)]2SbCl6.

53 We have
been only partly successful at obtaining a quantitative fit. The

sometime difficulty of obtaining such fits, especially on the
systems with more than two spin centers, can be observed from
the results previously obtained on the related neutral and radical
complexes. The magnetic susceptibility data for [Fe(oxoOEC)-
(Cl)] could be fit using the Hamiltonian

H ¼ D½ðSz2 � 1=3 SðS þ 1ÞÞ þ ðS0z2 � 1=3 S0ðS0 þ 1ÞÞ�

þ gβ HB 3 ð SB þ SB0Þ � 2JFe�Feð SB 3 SB
0Þ

with a zero-field splitting parameter of D = 6 cm�1 and an
Fe 3 3 3 Fe interaction of 2JFe�Fe = �0.28 cm�1 with S and S0 the
two Fe spins.
Fitting the experimental magnetic susceptibility for [Fe-

(oxoOEC•)(Cl)]SbCl6 required a model that includes four
terms in the total Hamiltonian: a zero-field splitting parameter,
intramolecular magnetic coupling between the iron spin and the
π-cation radical spin (2JFe�r), intermolecular coupling of the two
iron spins (2JFe�Fe), and intermolecular coupling of the two
radical spins (2Jr�r). The Hamiltonian of such a system is

H ¼ D½ðSz2 � 1=3 SðS þ 1ÞÞ þ ðS0z2 � 1=3 S0ðS0 þ 1ÞÞ�
þ gβ HB 3 ð SB þ SB0 þ sB þ sB

0Þ � 2JFe�rð SB 3 sB þ SB0
3 sB

0Þ
� 2JFe�Feð SB 3 SB

0Þ � 2Jr�rð sB 3 sB0Þ
where D is the zero-field splitting parameter, S and S

0
are the two

Fe spins, and s and s0 are the radical spins. It must be noted thatD,
2JFe�Fe, and 2Jr�r are strongly correlated in their effects on
calculated susceptibilities.

Table 3. Comparison of M€ossbauer Parameters for [Fe(oxoOEC)(Cl)], [Fe(oxoOEC•)(Cl)]SbCl6, and
[Fe(oxo-OEC•/2)(Cl)]2SbCl6

compound T (K) δ (mm/s)a ΔEq (mm/s)b Γ (mm/s)c ref

[Fe(oxo-OEC•/2)(Cl)]2SbCl6 298 0.25 0.69 0.43, 0.93 this work

200 0.38 0.76 0.58, 1.15 this work

100 0.43 0.80 0.56, 1.04 this work

15.5 0.43 0.77 0.60, 0.74 this work

4.2 0.35 0.77 this work

[Fe(oxoOEC)(Cl)] 4.2 0.47 0.83 34

[Fe(oxoOEC•)(Cl)]SbCl6 4.2 0.56 0.70 34

a Isomer shift relative to metallic iron. bQuadrupole splitting. c Full width at half-maximum.

Figure 7. M€ossbauer spectra of the complexes [Fe(oxoOEC)(Cl)] (a),
[Fe(oxoOEC•)(Cl)]SbCl6 (b), and [Fe(oxoOEC•/2)(Cl)]2SbCl6 (c)
recorded at 4.2 K in an 9.0 T applied field.

Figure 8. Magnetic susceptibilities of [Fe(oxoOEC)(Cl)] (a, black),
[Fe(oxoOEC•)(Cl)]SbCl6 (b, blue), and [Fe(oxoOEC

•/2)(Cl)]2SbCl6
(c, red) recorded from 6 to 300 K.
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The use of a similar Hamiltonian for [Fe(oxoOEC•/2)-
(Cl)]2SbCl6, given below, led to a fit that is in qualitative
agreement with the experimental data. In this Hamiltonian, only
one radical spin needs to be accounted for, and we allow a
symmetric interaction with this spin with the two iron centers.
The Hamiltonian is thus

H ¼ D½ðSz2 � 1=3 SðS þ 1ÞÞ þ ðS0z2 � 1=3 S0ðS0 þ 1ÞÞ�

þ gβ HB 3 ð SB þ SB0 þ sBÞ � 2JFe�rð SB 3 sB

þ SB0
3 sBÞ � 2JFe�Feð SB 3 SB

0Þ

A comparison of the fits for the experimental magnetic data for
the series of the mono β-oxoporphyrin derivatives is given in
Figure 9; the variables used in the fits for the three complexes are
given in the top three lines of Table 2. Also given in the table are
the fitting parameters reported for a number of additional iron-
(III) π-cation radicals and their neutral precursors. Although the
fits for [Fe(oxoOEC•/2)(Cl)]2SbCl6 are far from ideal, a compar-
ison of the plots and the fitting parameters given in Table 2 clearly
show that the single unpaired electron of the mixed-valence
π-cation mediates significantly stronger coupling between the
two irons than any of the other species listed in the table. The
mixed-valence complex, with the single porphyrin ring electron,
plainly has new and distinct magnetic exchange properties.
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