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Abstract: The synthesis and structural
characterization of a nonanuclear Fe™
cage complex is reported. The nine
iron centers in [Feq(ps-O),(O;PPh)s-
(O,CCMe;) ;] lie on the vertices of an
incomplete icosahedron, with the P
atoms of triphenylphosphonate at the
other three vertices. The paramagnetic
core therefore describes a tridiminish-
ed icosahedron. Magnetic studies sug-
gest an S=1/2 ground state for the
molecule. Analysis of exchange paths
and the susceptibility data point to the
interpretation that the cluster can be

divided into two nearly decoupled sec-
tions: an {Fe,O;} section, with an S=0
ground state, in which three oxo-cen-
tered triangles bound a central triangle
that is not oxo-centered; and an {Fe;O}
triangle with S=1/2. The analysis of
the susceptibility data leads to a Hei-
senberg model based on three signifi-
cant antiferromagnetic exchange inter-
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actions, with values of 173.7 cm ™! in the
{Fe;0} triangle, and 30.9 and 19.1 cm™
within the {Fe,Os;} section, while the
exchange between them is <1cm™.
With these assignments, the theoretical
low-temperature differential suscepti-
bility is also in very good agreement
with measurements up to 50 T. Magnet-
ic measurements in the milli-kelvin
range reveal striking hysteresis loops
and magnetization reversals associated
with a Landau-Zener-Stiickelberg
(LZS) transition as enhanced by the
occurrence of a phonon bottleneck.
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The Platonic solids"! underpin much of our discussion of
solid geometry, for example, for those of us making polyme-
tallic complexes they often provide the starting point for the
description of structures.”! For example, many metal cages
are based on tetrahedra, octahedra or cubes, but, in contrast,
the twelve-vertex Platonic solids—the pentagonal dodecahe-
dron and the icosahedron—remain unknown for paramag-
netic ions. From a magnetic viewpoint these polyhedra
would be fascinating; for example an icosahedron with para-
magnetic ions at the vertices interacting via nearest-neigh-
bor antiferromagnetic exchange is predicted to show a
sudden metamagnetic transition when an increasing external
field H exceeds a critical value H,, and exhibit distinctive
metastable behavior on the down-cycle.”! Although we have
not yet made an icosahedron, the structure reported is of in-
terest. The nine Fe centers span what is known in the math-
ematics literature as a “tridiminished icosahedron”. We find
that the body of diverse experimental data reported here
can be consistently interpreted, in such a way that the pres-
ent system is characterizable magnetically in terms of a six-
spin fragment and a three-spin fragment that are very
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weakly coupled. At very low temperatures the large and
small fragments have total spin §=0 and S=1/2, respective-
ly. Moreover, this picture of the system is also supported by
an examination of the possible exchange pathways.

We have been exploring displacement reactions where
carboxylate ligands in a pre-formed metal cage can be re-
placed by a phosphonate ligand.™! Specifically, oxo-centered
iron(III) triangles react with a range of phosphonates to
give tetra-, hexa-, hepta-, and tetradecanuclear iron(III)
cages. In each of these compounds iron triangles are largely
retained, and the chemistry is based on discrete triangles
linked through phosphonates and, on occasion, individual
Fe'! ions. The triangles studied® have the general formula
[Fe;0(0,CR)4(H,0)5]X, where a range of R groups were
studied (e.g. Me, Ph, CMe;) and X=chloride or nitrate.
Here we discuss the unusual, and more symmetric, complex
that results if both the bound carboxylate and the counter-
ion are pivalate (trimethylacetate). Nonanuclear Fe' cages
have previously been reported with polycarboxylates such as
citrate®! and 2-hydroxy-1,3-N,N,N',N'-diaminopropanetetraa-
cetate.’! Thompson and co-workers has also made a 3x3
Fe'"' grid.”

Results

Structural studies: If [Fe;O(O,CCMe;)s(H,0);](0O,CCMe5)
is allowed to react with one equivalent of phenylphosphonic
acid, [Fey(ps3-O),(O5PPh);(O,CCMe;);5] (1) is formed in
68 % yield. The structure (Figure 1) shows that the nonanu-
clear cage contains oxo-centered {Fe;} triangles. One dis-
crete triangle (Fel, Fe2, and Fe8) in 1 has the same {Fe;0}

Figure 1. The structure of 1 in the crystal. Shading: Fe: cross-hatched
circle; P: diagonal top right-bottom left; O: light shading; C: drawn as
lines.
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core as in the starting material, but the remaining six iron-
(III) centers occupy the vertices of three oxo-centered trian-
gles bounding a central triangle (with Fe5, Fe6, and Fe7 at
its vertices) that is not oxo-centered. The discrete {Fe;O}
fragment is bound to the {FesO;} unit by three phenyl-
phosphonate ligands, which adopt the 5.221-bridging mode
(Harris notation®™). Each of the three phosphonates bridge
one edge of the {Fe;O} triangle, in a manner equivalent to
that adopted by the carboxylate in the starting material, but
each of the three O atoms also bind to a separate Fe'" site
of the {Fe;O5} unit.

A clearer description of the structure can be achieved if
we remove all atoms except the Fe and P sites (Figure 2).

Figure 2. The icosahedral core of 1. Unlabeled atoms are p;-O bridges at
the centers of {Fe;} triangles.

111 1II

Each P center has five Fe'" nearest neighbors, and each Fe
site has five nearest neighbors (either four Fe and one P, or
three Fe and two P); the Fe,P; core is therefore an icosahe-
dron. Sadly the paramagnetic sites have a lower symmetry;
the Fey core lies on the vertices of a particular Johnson
solid®l—the tridiminished icosahedron—which retains only
threefold symmetry, albeit non-crystallographic. On the
basis of the different crystallographic symmetries of the nine
Fe™ one can anticipate that four distinct exchange interac-
tions will be necessary (Figure 2).

It is the pentanucleating 5.221-bridging mode adopted by
the phosphonates—creating a pentagon of Fe' sites—that
seems to be responsible for the icosahedral symmetry. The
pivalate ligands are, with one exception, 2.11 bridging. Nine
lie on edges of triangles, while three link between the dis-
crete triangle and the {Fe,O;} triangular fragment. The thir-
teenth pivalate provides the only distortion from threefold
symmetry. This binds in a 3.21 mode to the non-oxo-cen-
tered triangle. O27 bridges one edge (Fe5 and Fe6), while
026 binds to the third Fe of the triangle (Fe7).

Chem. Eur. J. 2006, 12, 8961 —8968
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Magnetic studies: Although the idealized magnetic icosahe-
dron has not yet been formed, the magnetic properties of 1
remain intriguing—especially with the possibility of consid-
erable spin frustration given the large number of paramag-
netic triangles present. Studies of paramagnetic triangles
have a considerable history, for example, Welo performed
measurements on oxo-centered carboxylate triangles in the
late 1920s—which allowed the triangular structure to be de-
duced."” The field has been reviewed by Cannon and
White."!

The experimental value of yy7T (where yy is the molar
magnetic susceptibility) decreases smoothly from a room-
temperature value of about 12.7 emuKmol ™ (Figure 3). The
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Figure 3. Magnetic behaviour of 1 shown as a plot of y,7 against T.
Measured data: open circles. Calculated values based on the quantum
model for the exchange constants given in the text: full line. Inset: expan-

sion of low T regime. Dashed line is a least-squares fit to the measured
data using a polynomial in 7 of degree two.

room-temperature value is considerably smaller than the
Curie value (39.4 emuKmol ™ assuming g=2), showing that
the exchange is moderately strong, and antiferromagnetic.
Referring to Figure 2 the field-free Hamiltonian may be
written as given in Equation (1).

H= _Ja(Sl S+ 88 + SZ'SS) _]b(Ss'Sa

+ 8558 + S6-8y + Ss5-8 + S, S

+8487) =SS5 86 + Ss5-87 + S+ 87) — Jo(S5 - Sg
+8,-8 + 8-8,)

(1)

Direct diagonalization of the Hamiltonian is not possible
given the size of the matrices involved (ca. 107 rows and col-
umns). Therefore we have adopted a slightly circuitous
route to fitting the magnetic data.

First we performed a series of DFT calculations on a
model structure of 1, [Fey(15-0),(O;CH);(0O,CCHy),5], using
Gaussian 98,"2 with the hybrid B3LYP functional together
with Ahlrich’s TZV basis set but we required J,=J,=J.=J,.
This greatly reduces the computational time as we only
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need two exchange interactions and hence only the energies
of three spin configurations have to be calculated; those
used are shown in Figure 4. Similar procedures have been

—_— Sez

Figure 4. The spin configurations chosen to calculate the exchange inter-
actions in 1, and their relative energies in cm™.

found to give good numerical estimates of J values in previ-
ous work.®l The energy gaps between the three spin config-
urations are related to the exchange interactions by Equa-
tions (2) and (3):

(ESCI_ESCZ)/ls = _8‘11 _2‘,2 (2)
(Esclescf&)/lS = 73]2 (3)
The calculations give J;=—51.6 cm ™' and J,=—-3.8 cm™".

As the DFT calculation suggested J, is small we felt justi-
fied in adopting the choice J,=0, that is, reducing the Ham-
iltonian to a sum of expressions describing independent
{Fe;} triangle and {Fe¢} fragments. This allowed us to diago-
nalize the quantum Heisenberg Hamiltonian, given by
Equation (1) of the separate fragments. The best fit to the
susceptibility data using this quantum model gave J,=
—1737cm™, J,=-309cm™!, and J.=-19.1cm™. The
measured yy7 curve, and the calculated values using the
quantum model of two decoupled fragments are shown in
Figure 3.

In the low-temperature limit the ground state for the {Feg}
portion has S=0, but the ground state of the {Fe;} triangle
is a pair of degenerate S=1/2 states. The assumption of neg-
ligible exchange between the two sections of the structure
leads to an S=1/2 ground state for the entire {Feo} cage.
This interpretation is strongly supported by the fact that the
low-temperature theoretical limit of y\7 for the system, in
emuKmol ™!, is 0.1246¢°S(S+1) =0.374 for S=1/2 and g=2,
in very good agreement with the low-temperature limit of
the experimental data, 0.38+£0.02, as obtained by quadratic
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polynomial interpolation of the experimental data in the
range 2-20 K (see inset of Figure 3). The relevant excited
levels (in zero field) of the {Feq} portion are a pair of S=1
levels (total degeneracy 2(2S + 1)=6) at 8.1 cm ' and a pair
of S=2 levels (total degeneracy of 10) at 36.9 cm™ above
the ground state. The resulting implications for the behavior
of the magnetization in strong magnetic fields are given in
the following subsection. For the {Fe;} triangle the energy
gap to the first excited level is 260 cm ' and therefore this
excited level is of no relevance in the following.

The very small discrepancy seen in the inset of Figure 3
below 5 K is probably due to the assumption that the six-
and three-spin fragments are completely decoupled, that is,
J,=0. While introducing a nonzero value of J, might in prin-
ciple provide a somewhat improved fit below 5 K, matrix di-
agonalization of the resulting Hamiltonian is impractical
using available computational facilities. Although some of
us have used quantum Monte Carlo methods to interpret
magnetic datal™ this technique is not applicable here as
frustration will prevent the calculations from converging
due to large statistical errors.

High-field magnetic studies: The above picture of two inde-
pendent fragments and the specific numerical values of the
exchange constants is also supported by the behavior of the
magnetization, M, versus external fields up to 50 T for the
temperature 7=70 mK (Figure 5). The behavior is slightly
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Figure 5. dM/dB for 1 measured at 70 mK.

hysteretic; the data shown are for decreasing field. Using
the energy levels of the {Feg} section of the structure and in-
cluding a Zeeman term with g=2 the quantum model pre-
dicts that with increasing field the first ground-state level
crossing occurs at 8.5T (intersection of the |S=0,M=0>
and |S=1,M=-1> levels). The next ground state level
crossing (intersection of the |1,—1> and [2,—2> levels)
occurs at 31.0 T. The behavior of the measured differential
susceptibility is in very good agreement with these predic-
tions, showing peaks at fields of approximately 9 and 33 T,
respectively. The breadth of the experimental peaks could
be due to a spread of exchange values.

Phonon bottleneck effect: In Figure 6 is shown the magneti-
zation obtained upon cycling the external field through a

8964 —

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0.008 Ts™
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Figure 6. M against H for a crystal of 1 measured at a sweep rate of
0.008 Ts™! at various temperatures.

closed loop at a fixed rate of 0.008 Ts™' for a series of tem-
peratures from 40 mK to 1 K. The hysteretic behavior can
be attributed to the weak coupling at very low temperatures
of the instantaneous magnetization of the {Fe;} fragment to
lattice phonon modes: often called a “phonon bottle-
neck”.'” Similar behavior has been observed in a {V,s} cage
with an §=1/2 ground state,'¥ in a {Cr,,} cage with an S=6
ground state,'””! in a {Cr;Ni} antiferromagnetically coupled
ring!"® and in a {V,} cage which contains two weakly coupled
triangles each of which has an S=1/2 ground state.” The
magnetization reversal seen in the vicinity of H=0 is a
Landau-Zener-Stiickelberg (LZS) transition, and this pro-
vides further evidence of the S=1/2 character of the ground
state.

Perhaps the most striking feature of the curves is the non-
monotonic behavior of the magnetization at the lowest tem-
peratures. The sharp local maxima and minima arise from
the nonlinear coupling of the magnetization with the
phonon modes. Complementary information is provided by
the curves measured at 7=40 mK for a series of different
sweep rates (Figure 7). The present system thus provides an
attractive platform for the development of a quantitative
study of dynamical hysteresis, the LZS transition, and the
phonon bottleneck effect. One of us has recently developed
a general quantitative theory™! to account for such phenom-
ena. Efforts to apply this theory to the present system are
underway but a variety of possible scenarios remain to be
examined.

Microwave absorption experiments: The sample within the
micro-SQUID array was also irradiated with variable fre-
quency microwaves (between 1 and 11.4 GHz). Similar ex-
periments performed on a {Cr,Ni} AF-wheel have been re-
ported previously.”!! The result is absorption of energy by
the §=1/2 ground state as in an EPR experiment (Figure 8).
The result is that a single absorption peak at low fields and
frequencies is split into a pair of peaks with spacing propor-

Chem. Eur. J. 2006, 12, 8961 —8968
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Figure 7. M against H for a crystal of 1 measured at 0.04 K and at various
sweep rates.
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Figure 8. Change of magnetization of a crystal of 1 measured at 0.04 K,
on irradiation with microwaves of the frequencies shown.

tional to magnetic field. Analysis of this data indicates a
pair of g values with g=2.07 and 2.19.

A conventional EPR experiment was performed on a
powdered sample at both 3.9 and 24 GHz at 5 K (Figure 9).
At the higher frequency the resonance looks like an axial
S§S=1/2 species, with g.; values of 2.25 and 2.03; the high
field side of this resonance is rather broad, probably indicat-
ing the presence of another absorption. At the lower fre-
quency, similar to that used in the micro-SQUID experi-
ment, we see the same pair of g.; values (much less well-re-
solved) but also a broad feature at g.;=1.79. This feature
may be the broad feature on the high field side of the g=
2.03 signal in the 24 GHz spectrum. The g values found for
the single-crystal measurements within the micro-SQUID lie
between the extremes found in the powder measurements at
both 3.9 and 24 GHz, and therefore the results are consis-
tent with one another.

Chem. Eur. J. 2006, 12, 8961 —8968
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Figure 9. The EPR spectrum of a powder of 1 measured at 5 K and at a)
3.9 and b) 24 GHz.

Such highly anisotropic g.; values have been seen in stud-
ies of Fe™ oxo-centered triangles. In principle the ground
state is a degenerate pair of S=1/2 states, however the anti-
symmetric Dzyaloshinsky—Moria interaction lifts the degen-
eracy. This causes all the wavefunctions to be mixed, there-
fore the EPR transitions are not intra-doublet, that is, due
to individual S=1/2 states.”! Therefore these are not genu-
ine molecular g values. Work by Yablokov et al. allows us to
estimate the energy gap between the two S=1/2 states from
the observed EPR spectra,” making the assumptions that g
is isotropic and 2.003, and that the triangle is equilateral.
The calculated energy gap for 1 is 0.05cm™'. We can then
assign the central resonance at g.;=2.003 as due to transi-
tions when the field is perpendicular to the non-crystallo-
graphic Cj; axis of the triangle, and the resonances at g.;=
2.25 and 1.79 as due to transitions when the field is parallel
to the C; axis.
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Discussion

One of the most recognizable features of an icosahedron is
the presence of pentagonal faces and therefore the ability of
the phosphonate ligand to adopt the 5.221 bonding mode is
key to the formation of the tridiminished icosahedron be-
cause it produces iron(III) pentagons. This is related to the
argument made by Miiller et al. that the presence of penta-
gons is vital in the formation of nanoscale polyoxometalate
cages;® in those clusters {Mo4} fragments provide the pen-
tagons. If trioxo ligands such as phosphonates can also gen-
erate pentagonal metal arrays this suggests a route worth ex-
ploring towards larger structures.

To complete the Platonic solid we need to replace the
three P atoms in 1 by paramagnetic centers; use of a “com-
plex ligand” that has three terminal oxo bridges is required.
A dinuclear iron(IIT) complex is known which contain three
u-hydroxo groups, for example, [Fe,(u-OH);(Mestacn),];?
whether mononuclear fragments related to this dimer can
be generated and then used in place of phosphonates in 1 is
debatable, but it seems a worthy synthetic target as we
strive to achieve an icosahedron.

The diverse measurements reported here are all consistent
with each other, and with the picture that the magnetic re-
sponse of the individual cluster can be pictured in terms of
the independent contributions of an {FesO5} section, with an
S§=0 ground state, and an {Fe;O} triangle with S=1/2. This
simple picture was first arrived at by our qualitative analysis
of possible exchange paths. The very good quantitative
agreement achieved between experiment and theory for the
temperature dependence of y, 7T and the field dependence
of dM/dB provides confidence in using the Heisenberg
Hamiltonian of Equation (1) and the specific numerical
values chosen for the various exchange constants. We will in
the future attempt to obtain direct information on the mag-
netic energy levels, for example by inelastic neutron scatter-
ing. The availability of such information would at the very
least provide an independent check of the form of the spin
Hamiltonian model for this cluster. We also hope to provide
a quantitative interpretation of the phonon-bottleneck
effect.

Experimental Section

Synthesis: [Fe;0(0,CCMe;)s(H,0);](0,CCMe;)-2HO,CCMe; was made
by a literature method.®!

1-Et,0: MeCN (30mL) was added to [Fe;0(0,CCMes)s(H,0)s]-
(0,CCMe;)2Me;CCO,H  (23¢g, 2.0mmol) and PhPO;H, (0.32g,
2.0 mmol) and the mixture stirred for 24 h, leading to dissolution of start-
ing materials and precipitation of a brown powder. The powder was col-
lected by filtration and washed with MeCN until the washing solution
became yellow. The residual solid was dissolved in Et,0 (50 mL), fil-
tered, and Et,0O diluted with MeCN (25 mL). Concentration of the solu-
tion by slow evaporation at ambient temperature in five days gave large
brown crystals of 1 suitable for an X-ray study. Compound 1 was filtered,
washed with MeCN, and dried in air. Yield: 1.1 g (68 % based on Fe) Ele-
mental analysis (% ): calcd for 1-Et,0 (Cg;H 4FeqO40P5): C 43.12, H 5.91,
Fe 20.74, N 0.0, P 3.83; found: C 43.14, H 6.12, Fe 20.73, N 0.0, P 3.91.

www.chemeurj.org
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Crystallography: Crystal data and data collection and refinement param-
eters for 1 are given in Table 1; selected bond lengths and angles are
given in Table 2.

Data collection and processing: Data were collected with a Bruker Smart
Apex CCD area detector equipped with an Oxford Cryosystems low-
temperature device,” using Moy, radiation. Complete hemispheres or

Table 1. Experimental data for the X-ray study of compound 1.

formula Cg;H 3,FegOy0Ps
M 2413.5
crystal system monoclinic
space group Cc

a[A] 24.5904(12)
b [A] 20.5709(10)
c[A] 22.0099(10)
B I°] 94.4490(10)
U[A] 11100.1(9)
T [K] 100(2)

zZ 4

o [gem™ 1.444

shape and color brown plate
size [mm] 02x0.2x0.1
w [mm™] 1.262
unique data 24995
absorption correction SADABS

transmission max/min 0.8842, 0.7864

unique data [F,>40F,)] 5467
parameters/restraints 1043/0

R1, wR2[ 0.0493, 0.1047
weighting scheme® [w™!] o*(F,%) + (0.0363 P)*
goodness of fit 0.916

+0.903, —0.596

[a] R1 based on observed data, wR2 on all unique data. [b] P=1/3[max-
(F10) + 2F].

largest residuals [e A~

spheres of data were collected using @w scans (0.3°, up to 30 seconds/
frame). Integrated intensities were obtained with SAINT 4. Data were
corrected for Lorentz and polarization factors, and for absorption.

Structure analysis and refinement: The structure was solved by direct
methods using SHELXS-97?" and completed by iterative cycles of AF
syntheses and full-matrix least-squares refinement. All non-H atoms
were refined anisotropically. All H atoms were included in idealized posi-
tions. All refinements were against > and used SHELXL-97."

CCDC-237226 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.

Measurements: Magnetic susceptibility measurements were performed
on polycrystalline samples in the temperature range 2.0 to 298 K in ap-
plied fields of 0.1, 0.5, and 1.0 T using a Quantum Design MPMS SQUID
magnetometer. Corrections for diamagnetic contributions were applied
by using Pascal’s constants. The sample holder diamagnetism was meas-
ured and subtracted from the raw data. The magnetization was separately
measured in pulsed magnetic fields up to 50 T (sweep rate 15000 Ts™") at
Okayama University (0.45 K) and Osaka University (70 mK, 1.3 K) in
their high field magnetic laboratories. A home-made pu-SQUID magneto-
meter'®! has been used for low temperature magnetic measurements on
single microcrystals of 1.
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Table 2. Selected bond lengths [A] and angles [°] for 1.
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Fel—-038 1.938(3) Fel-016 2.028(3) Fel-018
Fel-07 2.055(3) Fe2—-038 1.935(3) Fe2-035
Fe2—033 1.988(3) Fe2-04 2.069(3) Fe3-036
Fe3-03 2.173(3) Fe3-028 1.997(4)  Fe3-09
Fed—O14 1.979(3) Fed—0O7 2.159(3) Fe4—010
Fe5-O11 2.013(3) Fe5-037 1.933(3) Fe5-O12
Fe6—039 1.915(3) Fe6-024 2.035(4) Fe6-036
Fe6-027 2.147(4) Fe7-037 1.947(3)  Fe7-030
Fe7-036 1.975(3) Fe7-026 2.067(4) Fe8-038
Fe8—09 2.040(3) Fe8-019 1.986(3) Fe8—03
Fe9-022 1.965(3) Fe9-04 2.144(3) Fe9-034
038-Fel-O18  9629(14) 038-Fe2-021  96.40(14)  038-Fel-020
021-Fe2-033  9039(15) 038-Fel-O16 177.43(14)  038-Fe2-035
020-Fel-016  82.06(14) 033-Fe2-035  81.50(14) 038-Fel-O6
021-Fe2-01  164.81(14) 020-Fel-06  97.17(14)  033-Fe2-01
038-Fel-07  96.66(14) 038-Fe2-04  97.13(13) O18-Fel-O7
033-Fe2-04  167.48(14) O16-Fel-07  85.90(13) 035-Fe2-O4
036-Fe3-031  9454(15) 037-Fe4-O14  100.60(15) O36-Fe3-028
O14-Fed-010  91.16(14) 036-Fe3-025  94.82(15) O37-Fed-O17
028-Fe3-025  8532(15) O10-Fe4-O17  8574(14) 036-Fe3-03
O14-Fed-07  89.65(13) 028-Fe3-03  8599(13) O10-Fed-O7
036-Fe3-09  9627(14) 037-Fe4-06  95.85(14) O31-Fe3-09
010-Fed-06  107.34(13) 025-Fe3-09  161.66(14) O17-Fed-06
039-Fe5-037  9527(14)  039-Fe6-036  96.19(14)  039-Fe5-05
036-Fe6-02  100.90(14)  039-Fe5-O11  173.17(15)  039-Fe6-024
05-Fe5-011  9222(14) 02-Fe6-024  8540(15) 039-Fe5-012
036-Fe6-023  169.57(14) 05-Fe5-012  85.43(14) 02-Fe6-023
039-Fe5-027  77.42(14) 039-Fe6-027  77.98(14) O37-Fe5-027
02-Fe6-027  164.98(15) O11-Fe5-027  96.17(14)  O24-Fe6-027
037-Fe7-08  97.41(14) O38-Fe8-032  95.64(14) 037-Fe7-036
032-Fe8-019  90.89(15) 037-Fe7-030 176.52(15)  O38-Fe8-029
036-Fe7-030  90.15(14) O19-Fe8-029  81.84(14) O37-Fe7-0O15
032-Fe8-09  164.85(15) 036-Fe7-015  179.06(14)  019-Fe8-09
037-Fe7-026  97.89(15) 038-Fe8-03  95.92(14) O8-Fe7-026
019-Fe8-03  16832(14) 030-Fe7-026  79.24(15) 029-Fe8-O3
039-Fe9-022  9577(15) O34-Fe9-04  8727(14)  039-Fe9-034
039-Fe9-O1  8837(13) 039-Fe9-O13  9820(14)  022-Fe9-O1
034-Fe9-013  87.47(14) O13-Fe9-01  165.66(13) 039-Fe9-O4
Fe6-O27-Fe5  9220(14) Fe3-036-Fe6  118.13(17) Fe2-O38-Fel
Fe6-036-Fe7  122.97(16) Fel-038-Fe8  119.63(17) Fe4-O37-FeS
Fe9-039-Fe5  121.98(17) Fe5-037-Fe7  121.33(17)  Fe6-039-FeS

1.968(4)  Fel-06 2042(3)  Fel—020 1.997(3)
2.034(3)  Fe2-021 1.975(33)  Fe2-O1 2.049(3)
1.865(3)  Fe3-025 2003(4)  Fe3-031 1.974(4)
2243(3)  Fed—037 1.862(3)  Fe4-O17 2.002(3)
1.997(3)  Fed—06 2249(3)  Fe5-039 1.928(3)
2.034(3)  Fe5-05 1.997(3)  Fe5-027 2.159(4)
1.937(3)  Fe6-023 2.045(4)  Fe6-02 1.995(3)
2.038(4)  Fe7-0O8 1.972(3)  Fe7-015 2.060(4)
1.944(3)  Fe8-029 2032(3)  Fe8—032 1.980(4)
2.042(3)  Fe9-039 1.838(3)  Fe9-013 1.999(4)
1.982(3)  Fe9-0O1 2.247(3)

95.40(14)  O38-Fe2-033 95.02(14)  OI18-Fel-020 90.41(15)
17633(14) O18Fel-O16 8341(14)  021-Fe2-035 82.51(14)
95.00(14)  O38-Fe2-O1  96.02(14) OI8Fel-06  165.75(15)
97.20(14)  O16-Fel-O6  85.70(14)  035-Fe2-O1  85.62(14)
92.40(14)  O21-Fe2-04  91.25(14)  020-Fel-O7  167.24(15)
86.41(13)  O6-Fel-07  77.64(13) Ol1-Fe2-04  78.55(13)
178.88(16) 037-Fed-O10 89.81(14)  O31-Fe3-028  84.34(15)
173.14(15) O31-Fe3-025 90.97(15)  O14-Fed-O17  84.74(14)
95.10(13)  O37-Fe4-O7  9227(14)  O31-Fe3-O3  168.95(14)
177.58(14) 025-Fe3-03  93.57(14)  O17-Fed-O7  92.07(13)
102.64(14) Ol14-Fed-06  15526(13) 028-Fe3-09  83.88(14)
80.54(13)  O3-Fe3-09  7094(12) O7-Fed-06  71.24(12)
93.76(14)  039-Fe6-02  91.13(14)  O37-Fe5-05  96.72(14)
17489(15) 037-Fe5-O11 87.32(14)  036-Fe6-024  88.15(14)
91.46(14)  039-Fe6-023 91.46(14)  O37-Fe5-012  172.78(15)
85.98(14)  Ol11-Fe5-012 85.71(14)  024-Fe6-023  84.57(14)
9258(14)  O36-Fe6-027 90.65(14)  O5-Fe5-027  167.75(14)
10472(15) O12-Fe5-027 86.32(14)  023-Fe6-027  84.01(15)
88.41(14)  O38Fe8-019 94.64(14)  O8-Fe7-036  95.67(14)
17572(14) O8Fe7-030  85.88(14)  032-Fe8-029  82.03(14)
91.20(14)  O38-Fe8-09  97.26(14) O8-Fe7-015  83.53(14)
95.96(14)  030-Fe7-O15 9029(14)  029-Fe8-09  85.57(14)
15838(14) 032-Fe8-03  93.02(15)  036-Fe7-026  99.94(14)
87.80(13)  O15-Fe7-026 80.96(14)  O9-Fe8-03  77.78(13)
17350(15) O13-Fe9-04  9445(13)  022-Fe9-034  87.24(14)
100.80(13) 022-Fe9-O13  9125(15)  034-Fe9-O1  85.40(13)
89.12(14)  O4-Fe9-O1  72.81(12)  O22-Fe9-O4  171.90(14)
120.08(17) Fe3-036-Fe7  118.66(17) Fe2-038-Fe8  120.02(16)
118.44(17)  Fe9-O39-Fe6  124.10(18) Fe4-O37-Fe7  118.91(18)
107.70(16)
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