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The synthesis, crystal structure and magnetochemical char-
acterization of a new µ-oxido trinuclear iron cluster (old
nomenclature: µ-oxo trinuclear iron cluster), [Fe3(µ3-O)(µ2-
CH3O)2(µ2-CH3COO)2(phen)2Cl3], is reported. The reaction
of hydrated FeCl3 with sodium acetate and 1,10-phenan-
throline in a mixture of methanol and acetonitrile afforded
crystals suitable for X-ray crystallographic determination.
The new compound crystallizes in the tetragonal I41/a space
group (a = b = 13.6322 Å, c = 37.3538 Å, Z = 8, V = 6941.7 Å3).
The core of the complex is an isosceles triangle bridged by a
µ3-O ion with a rare T-shaped geometry. The chloride ions
are bound terminally, and the phenanthroline ligands are π-
stacked. Variable-temperature solid-state dc magnetization
studies were carried out in the 2.0–300 K range. Data were
fit with an isotropic Heisenberg spin Hamiltonian, which in-
cluded an axial anisotropy (zero-field splitting) term. Two

Introduction

Polynuclear iron compounds containing oxygen-based li-
gands are relevant to a variety of fields, a central one being
magnetic materials. Nowadays, several groups develop syn-
thetic methods that yield new polynuclear Fe–O clusters.
The paramagnetic nature of Fe in its common oxidation
states often leads to interesting magnetic properties for
polynuclear Fe clusters, such as high ground-state spin val-
ues, which can possibly lead to single-molecule magnet-
ism.[1] Almost all exchange interactions between FeIII

centres are antiferromagnetic. However, certain Fex top-
ologies can possess large ground-state spin values as a result
of spin frustration. Spin frustration is defined by competing
exchange interactions of comparable magnitude, which pre-
vent (frustrate) the preferred antiparallel alignment of all
spins and hence afford larger ground-state spin values than
might be predicted.[2] In some cases, where these large
ground-state spins are coupled to a significant magnetic an-
isotropy, the compounds can behave as single-molecule
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antiferromagnetic exchange parameters for the isosceles tri-
angle arrangement of the iron ion were needed, with values
of –11.2 and –47.7 cm–1, while a positive D value of about
1.5 cm–1 was obtained. In addition, magnetization (M) vs.
field (H) and temperature (T) data established an ST = 5/2
ground-state spin. We also performed broken-symmetry DFT
calculations, which reproduced the experimental J values
and the ground-state spin well. The replacement of one Fe3+

ion by a Ga3+ ion allowed for simplification of the three-cen-
tre problem to one treating a dinuclear exchange-coupled
system, and this afforded good computed values. To the best
of our knowledge, this is the first time that this specific re-
placement has been applied within broken-symmetry DFT
calculations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

magnets (SMMs). This is the case for SMMs such as
[Fe8O2(OH)12(tacn)6]8+, [Fe4(OMe)6(dpm)6], etc.[3]

A common synthetic approach is based on the auto-as-
sembly of the most stable cluster under specific reaction
conditions, which usually involve the mixing of simple iron
salts with chelating ligands in polar solvents under aerobic
conditions and without moisture exposure prevention.
Using this approach for the reaction of hydrated FeCl3 with
sodium acetate and the bidentate 1,10�-phenanthroline li-
gand in an acetonitrile/methanol mixture, we obtained a
new µ-oxido trinuclear Fe3O core, [Fe3(µ3-O)(µ2-CH3O)2-
(µ2-CH3COO)2(phen)2Cl3], with an uncommon T-shaped
arrangement. There have only been a few examples of this
type of atomic arrangement in oligonuclear complexes re-
ported up to now.[4–7] In the present work, we report the
synthesis and structural characterization results as well as
a combined experimental and computational study of the
magnetic behaviour of this new iron cluster.

Results and Discussion

Synthesis and Structural Characterization

The reaction of ferric chloride in the presence of meth-
anol, with the bidentate 1,10-phenanthroline ligand and a
carboxylate source, in this case sodium acetate, afforded a
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new T-shaped (µ-oxido)triiron cluster in a reasonable yield.
In spite of its simplicity, this is only the fifth structurally
characterized compound exhibiting this atomic arrange-
ment. Undoubtedly, the extended planarity of the phenan-
throline rings plays a key role in the architecture of this
compound, as, in contrast, we were unable to isolate the
analogous complex bearing 2,2�-bipyridine.

The complex crystallizes in the tetragonal space group
I41/a (Figure 1), and individual molecules appear well iso-
lated, as can be noticed in the crystal packing (Fe···Fe inter-
molecular distance � 8 Å) (Figure 1b). The most remark-
able features are the π stacking of the phenanthroline li-
gands, which forces the arrangement of the {Fe3O} core
into a nearly perfect isosceles triangle and the arrangement
of all the terminal chlorido ligands into a trans configura-
tion with respect to the central µ-oxido ligand (Figure 1a).
The presence of a crystallographically imposed twofold ro-
tation axis causes the Fe atoms bound to the phenan-
throline ligands as well as their coordination spheres to be
completely equivalent. This is a unique characteristic
among T-shaped Fe3O-related compounds that have al-
ready been structurally characterized.[4–7] The coexistence
of long and short Fe–µ-O bond lengths is crucial for the T-
shaped arrangement. The shorter Fe1–O1 bond of 1.902 Å
is one of the largest within the small group of T-shaped
Fe3O cores, which have Fe–O distances ranging between
1.865 and 1.919 Å. In contrast, the longer Fe2–O1 distance
of 1.985 Å is one of the shortest among analogous bond
lengths in this group, which range from 1.934 to 2.070 Å.
In addition, the present complex is the one out of the group
that most closely bears an ideal T-shaped geometry. Its
Fe2–O–Fe2� angle of 163.89° is slightly larger than 162.83°,
which was observed in the recently reported Fe3O T-shaped
compound containing azide ions.[7] The smallest angle ob-
served within the group is 152.07 Å.[6]

In contrast to the other related Fe3O compounds, all ad-
ditional bridging ligands in the reported complex bear an
O donor atom, as is the case for the acetate and methoxide
ions. The Fe–O distances are not equivalent for either the
acetate or the methoxide ion, which shows a remarkable
asymmetry (see Table 1). The shorter distance is observed
for both ligands where the Fe atom involved is coordinated
to the phenanthroline ring. This result probably reflects the
higher electron-accepting nature of phenanthroline in com-
parison with the other ligands present in the complex. The
Fe–Oacetate distances are comparable to the typical values
observed in the [Fe3O(AcO)6L3] compounds,[8] while the
Fe–Omethoxide distance is also within the typical range ob-
served in other clusters containing the Fe3(µ2-CH3O)(µ3-O)
motif.[9,10]

Noticeably, the T-shaped pattern extends up to the ter-
minal Cl ions, {Cl3Fe3(µ3-O)}. This moiety is the first ex-
ample reported so far for trinuclear species, and it is still
scarcely found among polynuclear Fe clusters. The few ex-
amples reported comprise mainly cubane-type structures,
where the Fe–O bond is excessively long (�2.2 Å) and the
Fe–Cl bond length ranges between 2.20 and 2.26 Å.[10] In
our reported complex, the Fe–O bond length is quite short
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Figure 1. (a) Top: ORTEP (50% probability) plot of the trinuclear
µ3-oxido complex in the crystal structure showing the T-shaped
core. (b) Bottom: view of the molecules packing in the tetragonal
cell.

Table 1. Selected bond angles and distances of the reported com-
plex.

Distance [Å] Angle [°]

Fe1–O1 1.985(3) Fe2–O1–Fe2� 163.89(15)
Fe2–O1 1.9022(5) Fe1–O1–Fe2 98.06(8)
Fe1–Cl1 2.2994(12) Cl1–Fe1–O1 180.00(0)
Fe2–Cl2 2.3561(9) Cl2–Fe2–O1 175.35(6)
Fe2–O2 1.9747(19)
Fe1–O2 1.9883(19)
Fe1–O3 2.1022(19)
Fe2–O4 2.013(2)
Fe2–N1 2.166(2)
Fe2–N2 2.168(2)

and the observed Fe–Cl bond lengths therefore appear quite
large (�2.3 Å), which reflects an important electronic repul-
sion along the Fe–O–Cl axis. In fact, the shorter Fe–O dis-
tance correlates with the longer Fe–Cl one (see Table 1).

The Fe–N bond lengths are comparable to the distances
observed in other (µ-oxido)Fe complexes bearing phenan-
throline. The presence of the π stacking between the two
phenanthroline rings is a common feature for this ligand.
The stacking distance of about 3.6 Å, similar to that ob-
served in other Fe complexes,[11] agrees well with the Fe2–
Fe2� distance of 3.767 Å.

Magnetic Properties

The magnetic behaviour of the reported complex was
studied over the 2–300 K temperature range (Figure 2) un-
der an applied field of 1 T. The χmT value at 300 K of
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5.24 cm3 Kmol–1 is well below the expected value for three
isolated high-spin FeIII ions, 13.12 cm3 Kmol–1, which indi-
cates strong antiferromagnetic interactions within the com-
plex. With decreasing temperature, χT steadily decreases to
reach a minimum of 3.66 cm3 Kmol–1 at 48 K, after which
it increases to a maximum of 3.76 cm3 Kmol–1 at 4 K to
finally plummet below 4 K.

Figure 2. χT vs. T plot at 1 T of a powdered sample of [Fe3(µ3-
O)(µ2-CH3O)2(µ2-CH3COO)2(phen)2Cl3]. Dashed line: best fit with
Hamiltonian of Equation (2) (see text), Ja = –11.5 cm–1, Jb =
–46.4 cm–1, gfixed = 2.0; solid line: best fit with Hamiltonian of
Equation (2) with an added zfs term as in Equation (4) (see text),
Ja = –11.2 cm–1, Jb = –47.7 cm–1 and D = 1.43 cm–1.

This behaviour is typical for spin-frustrated systems with
competing antiferromagnetic exchange interactions. Hence
we attempted a full fitting of the data by obtaining the en-
ergy of the different spin states and calculating the molar
susceptibility with Equation (1) for all possible field orien-
tations:

(1)

The energy of the different spin levels is obtained
through diagonalization of the suitable Hamiltonian. In this
case, the Heisenberg spin Hamiltonian describing the iso-
tropic exchange interactions within an isosceles Fe3 triangle
of C2 symmetry (Figure 3) is given by Equation (2), where
Ja refers to the interactions between Fe1···Fe2 and
Fe1···Fe2�, Jb refers to the Fe2···Fe2� interaction and Si re-
fers to the spin of atom i:

H = –2Ja(Ŝ1Ŝ2 + Ŝ1Ŝ3) – 2Jb(Ŝ2Ŝ3) (2)

Figure 3. T-Shaped Fe3O core of the reported complex showing the
pairwise exchange interactions.
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The energies of the resultant total spin states, ST, which
are eigenfunctions of the Hamiltonian in this coupling
scheme, are given by Equation (3), where SA = Ŝ2 + Ŝ3.
The overall multiplicity of the spin system is 216, and this
is made up of 27 individual spin states ranging from
ST = 1/2 to ST = 15/2.

E|ST,SA� = –Ja[ST(ST + 1) – SA(SA + 1)] – Jb[SA(SA + 1)] (3)

The best fit of the χT vs. T plot with the Hamiltonian in
Equation (2) with an added Zeeman term, Ja and Jb as fit
parameters, and an isotropic g value fixed to 2.0, afforded
values of Ja = –11.5 cm–1 and Jb = –46.4 cm–1. This fit is
shown as a dashed line in Figure 2. It is possible to obtain
a good fit only down to 16 K; below this temperature the
calculated χT values deviate noticeably from the experimen-
tal data. The J values obtained from Equation (3) afforded
a ground state of ST = 5/2, which in the coupling scheme
corresponds to the ket |ST,SA� = |5/2,0�. The antiferromag-
netic interaction Ja competes unfavourably with the much
stronger Jb interaction. The big difference between the two
exchange coupling constants can be rationalized in terms
of the different Fe–O bond lengths, as was done for the
recently reported related T-shaped complex, [Fe3O-
(O2CtBu)2(N3)3(dmem)2].[7] In fact, these values of Ja and
Jb are in agreement with those found for the latter com-
pound as well as the other magnetically characterized T-
shaped Fe3O complex, [Fe3O(TIEO)2(O2CPh)2Cl3],[4] which
are –3.6 cm–1 and –8 cm–1 for Ja and –45.9 cm–1 and
–55 cm–1 for Jb, respectively.

In spite of this convincing magnetic interpretation, we
attempted to understand the origin of the deviation at low
temperature in the fit of the χT vs. T plot. We found that
an excellent and reliable fit of the experimental data is ob-
tained if an axial zero-field splitting (zfs) term is added to
the Hamiltonian of Equation (2) that takes into consider-
ation the local zfs contribution, Di, of the FeIII ions, as
shown in Equation (4).

(4)

The resulting fit over the whole 2–300 K temperature
range, with the improved Hamiltonian, Ja, Jb and Di fit
parameters and the isotropic g value fixed at 2.0, is shown
in Figure 2 as the solid line. It gave an agreement factor,
R = 1/(N – np)[Σ(χcalcT – χobsT)2/Σ(χobsT)2]1/2, of 7.8 � 10–5,
where N is the number of experimental points and np is the
number of parameters. The new parameters obtained are
Ja = –11.2�0.1 cm–1, Jb = –47.7�0.4 cm–1 and D =
1.43�0.06 cm–1 (errors at 95% confidence level). The J val-
ues are almost identical to those obtained without the in-
clusion of the zfs term, which reinforces our ST ground state
assignment. The key point now is the reliability of the D
value obtained, as it is well known that it is usually not
possible to get an accurate estimation of either this param-
eter or its sign from susceptibility measurements alone. This
does not seem to be the case here, as a very deep minimum
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is observed in the g vs. D error contour plot for the fit, as
is shown in Figure 4, which completely discards the pos-
sibility of a negative value for the zfs parameter. The Ja vs.
Jb error surface is also reported as additional evidence (Fig-
ure S1). It is important to remark at this point that there is
no possibility of obtaining the D value from the Fe2 and
Fe2� ions, as they are not contributing to the resulting
ground state |5/2,0�. In fact, the fitting improvement is only
dependent on the Fe1 D value.

Figure 4. D vs. g error contour for the simulation of the χT vs. T
plot with Ja = –11.2 cm–1 and Jb = –47.7 cm–1 fixed.

In order to reinforce our assessment of the zfs and the
ST ground state values in this T-shaped Fe3O complex, we
performed variable-field (H) and variable-temperature mag-
netization (M) measurements. Data were collected over the
0.5–4.0 T and 2–50 K ranges. The resulting data are plotted
in Figure 5 as reduced magnetization (M/Nβ) vs. H/T, where
N is Avogadro’s number and β is the Bohr magneton. The
saturation value at the highest field and lowest temperatures
is 4.0 Nβ, which is below the expected gS value of 5 (g =
2.0) arising from the Brillouin function. This observation,
together with the nonsuperimposable isofield curves, reveals
the existence of a non-negligible zfs contribution. The data
were fit by diagonalization of the spin Hamiltonian matrix,
under the assumption that only the ground state is popu-
lated, by incorporating axial anisotropy and Zeeman terms,
and by employing a full powder average. The corresponding
spin Hamiltonian is given by Equation (5).

H = D[Ŝz
2 – S(S + 1)/3] + gβŜH (5)

The best fit is obtained for S = 5/2, with the isotropic g
fixed at 2.0 and D = 1.47�0.08 cm–1 (solid line in Figure 5),
R = 3.9 � 10–4. If the g value is not fixed, the optimum
fit parameter falls below 1.9 and is hence not physically
reasonable for a high-spin FeIII ion. There is no possibility
of obtaining the observed saturation value of 4.0 Nβ with
negative values of D. The obtained D value is in very good
agreement with that obtained from the fitting of the χT vs.
T plot. Additionally, we performed a magnetization vs. field
measurement at 4 K to observe mainly the ST = 5/2 ground-
state behaviour (first excited state |ST,SA� = |3/2,1� at
20 cm–1) (Figure S2). The theoretical curve (shown as a so-
lid line) with the same Hamiltonian from Equation (5) and
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Figure 5. Plot of reduced magnetization (M/Nβ) vs. H/T for the
reported complex. The solid lines represent the fitting of the data
with parameters: S = 5/2 (fixed), g = 2.0 (fixed) and D = 1.4 cm–1

(see text).

with S = 5/2, an isotropic fixed g value of 2.0 and D =
1.4 cm–1 is in good agreement with the experimental plot
data.

All our results strongly support an ST = 5/2 ground state
with an easy-plane positive D parameter above 1 cm–1 for
this new T-shaped Fe3O core. This zfs value contradicts that
found for the closely related compound, [Fe3O(O2CtBu)2-
(N3)3(dmem)2], which exhibits a negative D value of about
–0.8 cm–1.[7] However, this latter value is obtained from a
fitting procedure which uses an unrealistic g value of 1.9
for a high-spin FeIII high system.

The non-easy axis type D value observed for our complex
precludes its potential behaviour as a single-molecule mag-
net but not as a source of anisotropy for building up higher
nuclearity systems.

DFT Calculations

Analysis of the orbitals involved in the coupling between
the FeIII ions predicts an antiferromagnetic coupling, as ob-
served. The exchange coupling constants, Ja and Jb, ob-
tained from a broken-symmetry (BS) analysis on the crys-
tallographic geometry using the two different approaches
described in the experimental section are presented in
Table 2. They agree surprisingly well with the experimental
ones: the Jb value is almost identical to that obtained from
the fitting, while the Ja value is somewhat underestimated,
most remarkably with method 2 (see Experimental Section).

Table 2. Summary of broken-symmetry DFT calculations.

Calculated J values HS-state Mulliken spin densities
Ja/Jb [cm–1] Fe1/Fe2/Fe2�

–10.9/–52.9 (Yamaguchi[a])
Method 1 –9.1/–44.2 (non-projected[a]) 4.070/4.053/4.053

–10.9/–53.1 (projected[a])
Method 2 –3.8/–53.4 (non-projected[a]) –0.002/4.062/4.062[b]

–4.6/–54.8 (projected[a]) 4.067/4.042/0.006

[a] See Experimental Section. [b] The value close to zero corre-
sponds to a GaIII ion.
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This can be understood by taking into consideration that
this method involves the solving of linear equations with
dependent J values, which leads to more uncertainty pos-
sibilities due to propagated errors. In both cases, the right
ground state of ST = 5/2 is predicted, as can be checked by
the utilization of Equation (3).

The observation of nearly identical Mulliken spin densi-
ties at the Fe sites for the high-spin (HS) state with both
methods (Table 2) supports the robustness of method 1,
which relies on the replacement of an FeIII ion with a GaIII

ion as a means of reducing the number of exchange interac-
tions present in the cluster. The correct description of the
different broken-symmetry states in the case of method 2 is
confirmed by inspection of the total spin density obtained
(see Figure S4 for spin density plots of method 1). Figure 6
shows the different spin topologies that arise from the spin-
flipping of the different FeIII sites.

The calculated corresponding orbitals (COs) with over-
lap values smaller than one are displayed in Figure 7. As
discussed in the literature, these pairs of orbitals correspond

Figure 7. Corresponding orbitals arising from broken-symmetry DFT calculations with method 2 showing the exchange coupling path-
ways between magnetic orbitals and their overlaps.
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Figure 6. Spin density surfaces (isogrid = 0.004 a.u.) of the high-
spin state (left) and the broken-symmetry states (right) from DFT
calculations with method 2. Dark areas correspond to positive spin
density values, and light areas to negative spin density values.
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to the non-orthogonal magnetic orbitals of the broken-sym-
metry UHF solution, whereas those cases with overlap val-
ues close to one identify normal UHF solutions with some
spin polarization.[12]

For calculations performed with method 1, two decou-
pled exchange pathways can be analyzed: one involving the
symmetry related Fe2···Fe2� interaction and one involving
the Fe1···Fe2 interaction. Inspection of the COs for the for-
mer interaction reveals three main antiferromagnetic path-
ways (S = 0.262, 0.146 and 0.095), where one is of a σ
nature and the other two are of a π nature. In all of them,
exchange coupling exists mainly through the oxido bridging
ligand. The remaining two pairs of COs contribute only
marginally to the coupling, as they are of δ nature. For the
Fe1···Fe2 interaction, the five existing pathways contribute
rather evenly, but with a lower overall overlap between mag-
netic orbitals relative to the Fe2···Fe2� case. This can be
well understood as there are no pure σ pathways, only π or
mixed σ–π ones, due to the almost 90° angle between the
two Fe sites.

The orbital analysis that arises from calculations carried
out by method 2 (Figure S3) is not as straightforward. In
this case, the two exchange interactions are not decoupled,
and this is reflected in the composition of the COs. The
COs arising from the broken-symmetry state where the spin
density was flipped in Fe1 illustrates the frustrated antifer-
romagnetic interactions pretty well. The strongly coupled
Fe2···Fe2� interaction (through Jb) constitutes one set of
five magnetic orbitals that also interact antiferromag-
netically (Ja) with the magnetic orbitals located on Fe1.
COs arising from the other possible broken-symmetry state
in which the spin density is flipped on one of the symmetry-
related Fe2(Fe2�) atoms, are much more mixed, and both
sets of magnetic orbitals contain contributions from Ja and
Jb. To the best of our knowledge, this is the first example
where a corresponding orbital transformation is applied to
understand the exchange pathways in a frustrated Fe3O
spin system and where an FeIII ion is replaced with a dia-
magnetic GaIII ion as a means of simplifying the exchange
coupling pattern.

Conclusions

We have succeeded in the preparation of a new example
of the very rare T-shaped Fe3O clusters. We have established
its ST = 5/2 ground-state spin, arising from two rather
strong, unevenly competing antiferromagnetic interactions
between the Fe centres. In addition, we have shown that
this ground state exhibits high easy-plane anisotropy with
D � 1 cm–1. A reliable value for this parameter was ob-
tained from powder susceptibility and magnetization mea-
surements analysis, which is unusual for this type of deter-
mination. The projected D value corresponds exclusively
(neglecting dipolar and anisotropic exchange contributions)
with the local value of the Fe1 site, as determined from the
spin-coupling pattern arising from the Ja/Jb ratio. The DFT
calculations reproduce these results well. The magnetic or-
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bital representation by means of the corresponding orbital
transformation nicely illustrates the considerably different
antiferromagnetic interactions. Additionally, we have suc-
cessfully applied a calculation tool within the broken-sym-
metry framework, which consists of the replacement of an
Fe atom by a Ga atom to reduce the three-centre problem
to an equivalent problem which treats a more simple dinu-
clear exchange-coupled system. In spite of it being well
known that a negative D value is necessary for developing
single-molecule magnet behaviour, a suitable combination
of clusters with high, positive D values can be used to build
up new high-spin clusters with total easy-axis anisotropy.
The new reported Fe3O moiety can be envisioned as a new
building block for this purpose.

Experimental Section
Materials and Physical Measurements: All chemicals were reagent
grade and used as received without further purification. C, H and
N analysis was performed on a Foss Heraeus Vario EL elemental
analyzer. Infrared spectra were recorded with a Jasco FT-IR 4200
spectrophotometer with KBr pellets in the 400–4000 cm–1 range.

Preparation of [Fe3(µ3-O)(µ2-CH3O)2(µ2-CH3COO)2(phen)2Cl3]:
FeCl3·6H2O (0.42 g, 1.5 mmol) and NaCH3COO·4H2O (0.32 g,
2.3 mmol) were dissolved in a methanol/acetonitrile mixture
(10:30 mL). 1,10-phenanthroline monohydrate (0.16 g, 0.8 mmol)
dissolved in acetonitrile (30 mL) was added. The resulting deep red
solution was stirred for about ten minutes and then filtered. The
filtrate was left standing at room temp. After 2–3 d, block-shaped
red crystals of the product were obtained. One of them was used
for X-ray crystallographic determination, and the rest of them were
collected by filtration, washed with acetonitrile and vacuum dried.
Yield: 0.16 g, 38% (Fe based). C30H28Cl3Fe3N4O7 (830.46): calcd.
C 43.39, H 3.40, N 6.75; found C 43.75, H 3.49, N 7.41.

Magnetic Measurements: Magnetic measurements were performed
with a Quantum Design MPMS-7 SQUID magnetometer. All ex-
perimental magnetic data were corrected for the diamagnetism of
the sample holders and of the constituent atoms (Pascal’s tables).

X-ray Crystallographic Structure Determination: The crystal struc-
ture was determined with a Bruker Smart APEX II CCD area-
detector diffractometer using graphite-monochromated Mo-Kα ra-
diation (λ = 0.71073 Å) at 100 K. Data were corrected for absorp-
tion with PLATON[13] using a multiscan semi-empirical method.
The structure was solved by direct methods with SHELXS-97[14]

and refined by full-matrix least-squares on F2 with SHELXL-97.[15]

Hydrogen atoms were added geometrically and refined as riding
atoms with a uniform value of Uiso. Final crystallographic data and
values of R1 and wR are listed in Table 3, while the main angles
and distances are listed in Table 1. CCDC-683068 contains the sup-
plementary 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.

Quantum Chemical Calculations: Density functional theory (DFT)
spin-unrestricted calculations were performed using the
Gaussian03 program (revision D.01)[16] at the B3LYP level em-
ploying the LanL2DZ basis set. Tightly converged (10–8 Eh in en-
ergy) single-point calculations at the X-ray geometry were per-
formed in order to analyze the exchange coupling between the iron
centres. The methodology applied here relies on the broken-sym-
metry formalism, originally developed by Noodleman for SCF
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Table 3. Crystal data and structure refinement results for [Fe3(µ3-O)(µ2-CH3O)2(µ2-CH3COO)2(phen)2Cl3] H2O.

Empirical formula C30H28Cl3Fe3N4O8

Formula weight [g mol–1] 846.46
Temperature [K] 173(2)
Crystal system tetragonal
Space group I41/a (No. 88)
Unit cell dimensions[a]

a = b [Å] 13.6322(2)
c [Å] 37.3538(7)
Volume [Å3] 6941.7(3)
Z, calculated density [Mgm–3] 8, 1.620
Absorption coefficient [mm–1] 1.522
F(000) 3432
Crystal size [mm] 0.25�0.25�0.09
Crystal colour/shape red/block
Radiation, graphite monochromator Mo-Kα, λ = 0.71073 Å
θ range data collection [°] 1.59 to 27.85
Index ranges –17 � h � 12, –16 � k � 17, –45 � l � 49
Reflections collected/unique 38349/4133 [R(int) = 0.0631]
Observed reflections [I�2σ(I)] 2714
Completeness [%] 99.9 (to θ = 27.85°)
Max. and min. transmission 0.8912 and 0.6763
Refinement method full-matrix least squares on F2

Weights, w [σ2(Fo
2) + (0.034P)2 + 10.15P]–1 P = [Max(Fo

2,0) + 2Fc
2]/3

Data/restraints/parameters 4133/0/214
Goodness-of-fit on F2 0.975
Final R-index [I�2(I)][b] R1 = 0.0421, wR2 = 0.1148
R indices (all data) R1 = 0.071, wR2 = 0.1232
Largest peak and hole [eA–3] 0.876 and –0.471

[a] Least-squares refinement of the angular settings for 10694 reflections in the 3.04° � θ � 26.00° range. [b] R indices defined as: R1 =
Σ||Fo| – |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

2)2]1/2.

methods,[17] which involves a variational treatment within the re-
strictions of a single spin-unrestricted Slater determinant built
upon using different orbitals for different spins. This approach has
been later applied within the framework of DFT. The HS and BS
energies were then combined in order to estimate the exchange
coupling parameter J involved in the widely used Heisenberg–
Dirac–van Vleck Hamiltonian:

ĤHDvV = –2JŜAŜB

We carried out two different approaches within the broken-sym-
metry framework. (1) We first replaced one of the Fe atoms with
the diamagnetically equivalent main group Ga atom as a means to
obtain a model dinuclear system wherein the two different ex-
change interactions could be isolated and evaluated. We employ
here the approximation described by Yamaguchi and co-workers,[18]

who relate the exchange coupling parameter to the energies and
expectation values of the spin-squared operator for the HS (MS =
SA + SB) and BS (MS = |SA – SB|) states.

In the second approach (2), we calculated the two possible spin
topologies of broken-symmetry nature, from which the two dif-
ferent exchange coupling values could be obtained after consider-
ing the individual pair-like spin interactions involved in the descrip-
tion of the different broken-symmetry states. The energy difference
between the HS and BS states for this methodology can be ob-
tained from the non-projected formula:[19]

EBS – EHS = 2J12(2S1S2 + S2), with S2 � S1

or from the projected one:[20]

EBS – EHS = 2J12(2S1S2)

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 4004–40114010

We also employed the BS-type spin-unrestricted solutions after a
corresponding orbital transformation as a means to visualize the
interacting non-orthogonal magnetic orbitals.[12,21] We remark that
these orbitals do not have a well-defined orbital energy. For this
reason, the figures showing such orbitals do not give orbital ener-
gies explicitly, but just their overlapping magnitudes as well as the
spin coupling exchange pathways.

We notice that a most rigorous theoretical treatment in the calcula-
tion of the exchange coupling constants within broken-symmetry
formalism could be performed by means of separate geometry opti-
mizations of the HS and BS states.[22] However, this is beyond the
aim of this work.

Supporting Information (see footnote on the first page of this arti-
cle): Ja vs. Jb error contour plot (Figure S1), reduced magnetization
vs. field at 4 K (Figure S2), corresponding orbitals arising from
DFT calculations with method 1 (Figure S3), total spin density
plots from the different spin states arising from DFT calculations
with method 1 (Figure S4).
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