
DOI: 10.1002/chem.200701487

A Family of Enneanuclear Iron(II) Single-Molecule Magnets

Athanassios K. Boudalis,*[a] Yiannis Sanakis,*[a] Juan Modesto Clemente-Juan,[b]

Bruno Donnadieu,[c] Vassilios Nastopoulos,[d] Alain Mari,[e] Yanick Coppel,[e]

Jean-Pierre Tuchagues,[e] and Spyros P. Perlepes[d]

Introduction

Considerable attention has been devoted to single-molecule
magnets (SMMs) in recent years.[1] These molecules exhibit
slow relaxation of their magnetization at low temperatures,
which, though of a different physical origin, is phenomeno-
logically reminiscent of that encountered in classical bulk
magnets and superparamagnetic nanoparticles. The most
striking characteristics of these materials are their molecular
nature and their small and homogeneous sizes, which are in
sharp contrast to classical magnets and magnetic nanoparti-
cles. These properties have led researchers to propose appli-
cations of high technological interest for these molecules,
such as use in high-density magnetic storage media.[2] The
observation of quantum tunneling of their magnetization
(QTM)[3] has also led to the proposal that SMMs might be
exploited as quantum bits (qubits) in quantum computing.[4]

Recently, the proposal to use SMMs in diagnostic imaging
(e.g., as enhanced MRI contrasting agents) has been exam-
ined.[5] Beyond this, SMMs may potentially address prob-
lems concerning size homogeneity and, by virtue of their
facile chemical modification, may provide solutions for
issues of solubility, drug delivery, cellular recognition, and
toxicity.
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Moreover, besides these potential practical applications,
research into single-molecule magnetism has provided the
necessary impetus for fundamental research in the area of
magnetism and molecular magnetic materials. Following the
discovery and initial studies of the SMM phenomenon in re-
lation to the complex [Mn12O12 ACHTUNGTRENNUNG(O2CMe)16ACHTUNGTRENNUNG(H2O)4],

[6] which
has since been exhaustively studied, a host of molecules dis-
playing the same property have been synthesized. These in-
clude complexes with S values ranging from 2[7] to 83/2[8]

and nuclearities ranging from 1[9,10] to 84.[11] These molecules
have often exhibited complicated and unexpected behaviors,
which have tested, and continue to test, current theoretical
models for magnetism.

Iron(II) is ideally suited for the preparation of SMMs,
since it combines a large spin (S=2) with a significant
single-ion magnetic anisotropy. In addition, iron(II) com-
plexes give us the opportunity to probe their electronic
structures not only with a set of bulk (susceptometry) or mi-
croscopic techniques (EPR, NMR, and inelastic neutron
scattering (INS) spectroscopies, etc.), but also with 57Fe
Mçssbauer spectroscopy, which is a powerful tool for ex-
tracting information that is not available through other tech-
niques. Iron(II) exhibits Mçssbauer parameters that are very
sensitive to the ligand environment, temperature, and mag-
netic field, and are therefore very valuable for a theoretical
interpretation. Finally, we felt that our prior knowledge of
the corresponding cobalt(II)[12,13] and nickel(II)[14] chemistry
would give us the opportunity to obtain complexes with de-
sired structures and magnetic properties.

Herein, we report the extension of this chemistry to
iron(II). In particular, we report for the first time on the
structure and magnetic properties of the hydroxo complex
[Fe9(OH)2ACHTUNGTRENNUNG(O2CMe)8ACHTUNGTRENNUNG{(2-py)2CO2}4] (1). Its reactivity towards
pseudohalides has led to the previously reported azido com-
plex [Fe9(N3)2ACHTUNGTRENNUNG(O2CMe)8 ACHTUNGTRENNUNG{(2-py)2CO2}4] (2)[15] and to the new
cyanato complex [Fe9ACHTUNGTRENNUNG(NCO)2ACHTUNGTRENNUNG(O2CMe)8ACHTUNGTRENNUNG{(2-py)2CO2}4] (3),
for which there is no known analogue. Detailed magnetic
studies on 1–3 have shown that pseudohalide substitution in

1 has a marked effect on the magnetic properties of com-
plexes 2 and 3, which behave as single-molecule magnets.
This family of SMMs represents the second example of an
iron(II) SMM family, besides the cubane complexes
[Fe4(L)4ACHTUNGTRENNUNG(MeOH)4] (L= sae2�, the dianion of 2-salicylidene-
amino-1-ethanol,[16] and L=5-Br-sae or 3,5-Cl2-sae,[17] the re-
spective bromo and chloro derivatives thereof), while we
have recently reported [Fe2ACHTUNGTRENNUNG(NCO)3(acpypentO)] as another
FeII SMM.[18]

Results and Discussion

Syntheses : The syntheses of complexes 1–3 were based on
previously reported syntheses of the CoII and NiII analogues.
The Co9 clusters were synthesized from MeCN solutions,
whereas the Ni9 clusters were obtained from DMF solutions.
It was decided to employ MeCN as the solvent here since it
has a lower boiling point than DMF and therefore offered
the possibility of obtaining crystals through slow evapora-
tion techniques as well as access to totally desolvated sam-
ples.

The synthesis of complex 1 may be summarized by Equa-
tion (1):

9 FeðO2CMeÞ2 � 1:75H2Oþ4 ð2-pyÞ2CO MeCN

D
���!

½Fe9ðOHÞ2ðO2CMeÞ8fð2-pyÞ2CO2g4
 ð1Þþ10MeCO2H

þ9:75H2O

ð1Þ

It is noteworthy that the color change of the solution, from
dark blue-green to dark red (the color of the complex), oc-
curred only after heating. This indicates that hydration of
the (2-py)2CO ligand and formation of the complex requires
a significant activation energy. The same observation was
made in relation to the syntheses of the corresponding CoII

and NiII complexes. However, the formation of polynuclear
FeIII complexes with the same ligand[19] occurred at ambient
temperature, indicating different behavior of the ligand to-
wards divalent and trivalent metal ions.

For complexes 2 and 3, in addition to the initially estab-
lished synthetic route via complex 1, it was also found that
they were accessible through in situ reaction of iron(II) ace-
tate, (2-py)2CO, and the respective pseudohalide salt. This
route, represented by Equation (2), led straightforwardly to
the desired complexes in high yields.

9 FeðO2CMeÞ2 � 1:75H2Oþ4 ð2-pyÞ2COþ2 ðNaN3,KOCNÞ
MeCN

D
���!½Fe9ðN3,NCOÞ2ðO2CMeÞ8fð2-pyÞ2CO2g4
 ð2, 3Þ
þ8 MeCO2Hþ2 ðNa,KÞO2CMeþ11:75H2O

ð2Þ

In addition, it seemed interesting to test whether we could
replace the m4-OH� ligand of 1 by a m4-NC� ion. To this end,
KCN was used as the pseudohalide salt. However, applying
the synthetic procedure used to obtain 2 and 3 led to a
dark-red solid identified as 1 through IR spectroscopy and
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elemental analysis, reflecting the weaker bridging ability of
cyanide as compared to azide and cyanate.[20]

Description of the structures : The structures of complexes
1–3 are strikingly similar (see Figure 1, Figure 2, and Fig-
ure S1, and Tables S1–S3 in the Supporting Information),
and therefore only that of complex 3 is analyzed here, and
moreover, not in great detail due to its similarity to those of
the CoII and NiII complexes.

The complex consists of eight iron(II) ions forming two
slightly staggered parallel squares, with a ninth iron(II) ion

located between them. Bridging within the squares is ach-
ieved through a m4-NCO� ligand, four syn,syn-m2:h

1:h1-aceta-
to anions, and four alkoxo oxygen atoms of the (2-py)2CO
ligand. The alkoxo oxygen atoms are m3, since they also
bridge the square bases to the central iron, which is there-
fore octacoordinated. The (2-py)2CO ligand is in its usual
bis-deprotonated gem-diol form, (2-py)2CO2

2�, assuming a
m5 :h

1:h3 :h3 :h1 coordination mode.
The m4-OH� bridging mode in 1 is rather rare, having only

been observed in a few transition metal[21,22] and lanthanide-
ACHTUNGTRENNUNG(III)[23–26] complexes. Two such cases are the enneanuclear
complex cations of [Sm9ACHTUNGTRENNUNG(acac)16(OH)10]ACHTUNGTRENNUNG[Cr2(CO)10 ACHTUNGTRENNUNG(m-H)][24]

and [Tb9 ACHTUNGTRENNUNG(Hesa)16 ACHTUNGTRENNUNG(m-OH)10]ACHTUNGTRENNUNG(NO3),
[25] the metal cores of

which, consisting of two square Ln4 bases flanking a central
Ln atom, display striking structural resemblance to those of
complexes 1–3. In these cases, however, the hydroxo oxygen
atom presents an almost square geometry; the Sm-O-Sm
angles are in the range 167–1708 and the Tb-O-Tb angles
are 168.98, and hence the oxygen atom is positioned much
closer to the Ln4 planes. The m4 end-on bridging mode is
even rarer for the azido (2) and cyanato (3) ions. The only
previously reported examples of such bridging by azides are
the cobalt(II)[12] and nickel(II)[14] analogues of 2, while this
is the first occurrence of such bridging by cyanates.

As far as iron(II) chemistry is concerned, the reported ex-
amples of bridging pseudohalido complexes are very rare.
They include discrete dinuclear or tetranuclear m1,1-azido- or
cyanato-bridged species,[20] a 2D m1,1-N3-bridged layered
complex,[27] and 2D (m1,3-N3) or 1D (m1,1-N3 and m1,3-N3) coor-
dination polymers.[28] Thus, complexes 2 and 3 are the first
two examples of the m1,1,1,1 bridging mode in iron(II) chemis-
try.

A close examination of the eight octahedrally coordinated
iron(II) ions in complexes 1–3 reveals the existence of two
bonds in trans positions that are significantly shorter than
the other four, thus forming a compression axis (see Ta-
bles S1–S3 in the Supporting Information).

The enneanuclear molecules of 1–3 are well separated
from each other, with the closest intermetallic distances
being about 8 R.

Static magnetic properties : cMT versus T data for complexes
1–3 are shown in Figure 3. The cMT product for complex 1,
under a field of 1 T, is 29.0 cm3mol�1K at 300 K and remains
almost constant upon cooling to about 100 K (with a broad
and shallow maximum of 29.2 cm3mol�1K at 176 K), and
then drops to 4.8 cm3mol�1K at 2 K (Figure 3). This drop is
associated with a partial depopulation of higher spin states
and zero-field splitting effects. The susceptibility does not
extrapolate to zero as the temperature tends to zero, sug-
gesting a magnetic ground state.

For complex 2, under a field of 0.1 T, the cMT product in-
creases smoothly from 31.8 cm3mol�1K at 300 K to a maxi-
mum of 59.0 cm3mol�1K at 19 K and then drops suddenly to
26.3 cm3mol�1K at 2 K. This maximum indicates dominant
ferromagnetic interactions within the cluster, whereas the
sudden drop at low temperatures may be associated with

Figure 1. ORTEP plot of complex 1 (thermal ellipsoids set at the 30%
probability level). All H atoms and all non-coordinated atoms of the (2-
py)2CO2

2� ligands have been omitted for clarity. See Table S1 in the Sup-
porting Information for detailed bond lengths, angles, and symmetry op-
eration symbols.

Figure 2. ORTEP plot of one of the two independent molecules of com-
plex 3 (thermal ellipsoids set at the 30% probability level). All H atoms
and all non-coordinated atoms of the (2-py)2CO2

2� ligands have been
omitted for clarity. See Table S3 in the Supporting Information for de-
tailed bond lengths and angles.
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zero-field splitting effects. The maximum is field-dependent,
being compressed and shifted to higher temperatures as the
field is increased (see Figure S2 in the Supporting Informa-
tion). This may be attributed to the additional splitting of
Zeeman levels by the applied magnetic field.

The situation is similar for complex 3, with a cMT value of
42.3 cm3mol�1K at 300 K dropping to a broad minimum of
38.0 cm3mol�1K at 132 K and rising to a field-dependent
maximum of 56.0 cm3mol�1K at 19 K (0.1 T). The subse-
quent sudden drop to 13.0 cm3mol�1K at 2 K is associated
with zero-field splitting effects (see Figure S3 in the Sup-
porting Information). Increasing the field up to 5 T leads to
a decrease in the maximum and a shift to higher tempera-
tures due to a stronger splitting of the Zeeman levels (see
Figure S3 in the Supporting Information). Due to the large
nuclearity of these clusters and the orbital degeneracy of
iron(II) ions, the data for 1–3 could not be modeled.

Additional magnetization measurements were carried out
as a function of the applied magnetic field, in order to fur-
ther probe the nature of the ground states of 2 and 3. Mag-
netization isotherms of complex 2 show that there is no sat-
uration up to 5 T at 2 K (Figure 4). At 5 T, the magnetiza-
tion reaches 26.2 NAmB (2 K), a value lower than the theoret-
ically expected one (28.00 NAmB) for an S=14 spin of the
ground state (g=2), but slightly above the value for an S=

13 spin. A theoretical curve based on a spin Hamiltonian as-
suming an S=14 value and including ZFS terms does not
satisfactorily reproduce the experimental curve. This behav-
ior strongly suggests that several states are thermally popu-
lated at 2 K, contributing in a rather complicated manner to
the magnetization of the system. The situation is similar in
the case of complex 3 (Figure 5), for which the magnetiza-
tion does not reach saturation under a field of 5 T at 2 K:
the value of 27.4 NAmB attained is intermediate between
those predicted for S=13 and S=14 spin states.

A prominent feature of the magnetization isotherms, and
especially of that at 2 K, is the appearance of a step at
around 2.5 T, which may be attributed to crossings of the

energy levels as a function of the applied magnetic field. We
assume that this behavior is analogous to that previously de-
scribed for a decanuclear ferric wheel[29] and more recently
for a diferric complex.[30] It is likely that additional, sharper
steps would have been visible at lower temperatures, but
these were unfortunately inaccessible with our facility. The
high reactivity of our complexes towards atmospheric
oxygen and the ease with which solvent loss occurs compli-
cate subsequent measurements with other techniques (such
as micro-SQUID) in the mK range.

To further probe the ground states of 2 and 3, M versus
HT�1 plots in the range 2–10 K were constructed under ap-
plied magnetic fields of 0.1, 0.5, 1, 2.5, and 5 T (data not
shown). Supposing that over this temperature range essen-
tially only the ground state is populated, fits were carried
out considering an isolated spin S with single-ion parameters
of g and D. When a collective spin S is considered for all

Figure 3. Magnetic susceptibility data for 1–3 (under an applied magnetic
field of 1 T for 1 and 0.1 T for 2, 3) shown as cMT versus T plots.

Figure 4. Magnetization M of complex 2 as a function of the applied mag-
netic field H over the �5 T range (top). Steps in the magnetization are il-
lustrated by the appearance of shoulders in the dM/dH versus H plot
around �2 T (bottom).

Figure 5. Magnetization M of complex 3 as a function of the applied mag-
netic field H over the �5 T range (top). Steps in the magnetization are il-
lustrated by the appearance of peaks in the dM/dH versus H plot around
�2.5 T (bottom).
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magnetic fields, the calculated curves severely overestimate
the low-field data and underestimate the high-field data.
Clearly, considering a single, isolated ground state for all ap-
plied fields is not a valid approximation. We were thus
unable to unequivocally determine the ground states of the
complexes.

However, in order to derive a qualitative estimate of the
ground-state properties, zero-field measurements were car-
ried out by means of AC susceptometry. The cM’T versus T
data are linear below 5 K for both complexes. Extrapolation
to 0 K and assumption of Curie law behavior at this temper-
ature can be used to probe the ground state of the complex
at zero field. The cM’T value for 2 at 0 K is
~20.5 cm3mol�1K, corresponding to an S=6 spin (g=2),
while the value for 3 is ~7.5 cm3mol�1K, corresponding to a
spin value between 3 and 4 (g=2). These estimations were
based on the assumption that g=2.0; in the case of iron(II)
ions, this value may be slightly larger, thus complicating the
estimation of S.

It is clear from the above that it is not possible to obtain
a quantitative picture of the electronic structures of the
complexes due to computational limitations (for full-matrix
calculations) and the limitations of the theoretical models
employed (HDvV approach). However, some qualitative
points are clear: i) complex 1 has an electronic structure that
is significantly different from those of complexes 2 and 3,
with the latter exhibiting higher ground spin states; ii) this
difference in electronic structure may be attributed to the
different monoatomic bridges of the complexes (m4-OH� for
1 versus m4-N3

� for 2 and m4-NCO� for 3), which result in
different coupling interactions.

Dynamic magnetic properties : Analysis of their static mag-
netic susceptibility data strongly suggests that complexes 2
and 3 are characterized by relatively high ground spin states
associated with appreciable anisotropy. These properties are
prerequisites for single-molecule magnet behavior. There-
fore, we examined their dynamic magnetic properties by AC
magnetic susceptibility measurements over the temperature
range 1.9–5.0 K, applying a weak (10�4 T) alternating mag-
netic field oscillating at frequencies of 1, 5, 10, 50, 100, 250,
500, and 1000 Hz under zero static magnetic field.

The compounds exhibit in-phase (cM’) and out-of-phase
(cM’’) magnetic susceptibility signals, below 3.5 K for 2
(Figure 6) and below 4 K for 3 (Figure 7), due to their in-
ability to relax rapidly enough to keep up with the oscillat-
ing field at these temperatures. The frequency dependence
of the cM’’ signals clearly indicates slow magnetic relaxation
effects, as is to be expected for SMM behavior. As deter-
mined by fits to Lorentzian lines, the cM’’ peak of 2 shifts
from 2.34(9) to 2.00(10) K upon decreasing the frequency of
the AC field from 1000 to 50 Hz; at lower frequency, it is
shifted below 1.9 K and is thus no longer visible. For 3, the
cM’’ peak shifts from 2.77(6) K to 2.08(6) K upon decreasing
the frequency of the AC field from 1000 to 5 Hz; at lower
frequency, it is shifted to below 1.9 K and is thus no longer
visible.

The magnetization relaxation rate data obtained from the
AC data were fitted to the Arrhenius equation t=t0 exp-
ACHTUNGTRENNUNG(Ueff/kT), where t is the relaxation time, Ueff is the effective
energy barrier for the relaxation of the magnetization, k is
BoltzmannUs constant, and t0 is a pre-exponential factor.
From the fits, Ueff was found to be 29(1) cm�1 (41(1) K) with
t0 =3.4<10�12 s for 2, and 30(1) cm�1 (44(1) K) with t0 =

2.0<10�11 s for 3. Comparison of the data obtained for the
two complexes clearly shows that the SMM behavior is man-
ifested at a lower temperature for 2 (3 K) than for 3 (3.5 K).
This difference in relaxation behavior may be primarily at-
tributed to the pre-exponential factor of complex 3, which is
about an order of magnitude larger than that of complex 2,
rather than to its marginally higher thermodynamic barrier.

The out-of-phase signal is stronger in the case of 3, with
the cM’’/cM’ ratio reaching 0.11 (2.10 K, 50 Hz), whereas for
complex 2 the respective value does not exceed 0.036
(2.00 K, 50 Hz). The ratio cM’’/cM’ for both compounds is
rather small in comparison with the values for other single-
molecule magnets. However, this is not unprecedented in
the literature as many compounds exhibiting SMM behavior
have low cM’’/cM’ ratios.[31,32] With regard to dynamic mag-
netic properties, it is generally assumed that the samples are

Figure 6. Frequency dependence of the in-phase cM’T product and out-of-
phase cM’’ magnetic susceptibility versus T for complex 2. Solid lines are
fits of the out-of-phase experimental data by Lorentzian lines. An Arrhe-
nius plot of lnt versus T�1 for the values derived from the peak maxima
at various frequencies is shown in the inset. The solid line is a least-
squares linear fit of the data. Attempts to fit the curves for which the cM’’
versus T maxima are not observable (1, 5, 10 Hz) were unsuccessful.
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characterized by inhomogeneities, with one part undergoing
slow relaxation and another part undergoing fast relaxa-
tion.[18] In the present cases, we have established that the
electronic structures of the ground states are rather compli-
cated. From the M versus H experiments at low tempera-
tures, it became apparent that the ground states of these sys-
tems could not be characterized by a well-defined spin with
an effective zero-field splitting D to which an energy barrier
could be directly assigned. This implies that low-lying spin
states are occupied in the 2–4 K temperature range. These
low-lying excited spin states may not fulfill the conditions
for slow relaxation. Low-lying spin states may also provide
alternative pathways for thermally assisted relaxation of
magnetization, thus leading to a rather small pre-exponen-
tial factor.

Mçssbauer spectroscopy : The Mçssbauer spectra of 1 and 3
were recorded between 1.8 and 293 K, and that of 2 between
1.8 and 260 K. In all cases, the spectra above ~12 K show
two well-resolved quadrupole-split doublets with parameters
typical of high-spin iron(II). The molecular structures of the
complexes suggest the presence of two iron(II) sites giving
rise to peaks in an 8:1 relative area ratio, corresponding to
the eight external octahedrally coordinated and the one cen-
tral octacoordinate iron(II) ion, respectively. Moreover, of

the two sites, comprising the FeO5N (1) or FeO4N2 (2 and 3)
and FeO8 chromophores, respectively, we would expect a
higher isomer shift, d, for the FeO8 site. Finally, because the
distortion from octahedral geometry is more pronounced for
the octacoordinated site, we would also expect a higher
quadrupole splitting DEQ for this site. Indeed, the good sep-
aration of the two doublets allowed us to fit the spectra
without any constraints. The results were in perfect agree-
ment with the above reasoning (Table 1).

Representative Mçssbauer spectra of 1–3 at 78 K are
shown in Figure 8. The appearance of the spectra remains
essentially unchanged over the whole 293–15 K range, with
just a relative broadening of the lines at lower temperatures
and an increase in the isomer shifts upon cooling to ~78 K
due to second-order Doppler effects.[33] The sharpness of the
spectra at this temperature is noteworthy, indicating a well-
defined environment for the iron(II) sites of the three com-
plexes.

The quadrupole splitting for the minor FeII site of each
complex exhibits little temperature dependence. The major

Figure 7. Frequency dependence of the in-phase cM’T product and out-of-
phase cM’’ magnetic susceptibility versus T for complex 3. Solid lines are
fits of the out-of-phase experimental data by Lorentzian lines. An Arrhe-
nius plot of lnt versus T�1 for the values derived from the peak maxima
at various frequencies is shown in the inset. The solid line is a least-
squares linear fit of the data. Attempts to fit the curve for which the cM’’
versus T maximum is not observable (1 Hz) were unsuccessful.

Table 1. Characteristic Mçssbauer parameters for 1–3 at 78 K.

Complex Site d

ACHTUNGTRENNUNG[mms�1]
DEQ

ACHTUNGTRENNUNG[mms�1]
G/2
ACHTUNGTRENNUNG[mms�1]

Area
[%]

1 I 1.23 2.61 0.18 89
II 1.35 3.18 0.14 11

2 I 1.20 2.42 0.16 87
II 1.37 3.10 0.12 13

3 I 1.16 2.40 0.16 89
II 1.34 3.15 0.12 11

Figure 8. Mçssbauer spectra of 1–3 at 78 K, and their fit to two quadru-
pole-split doublets (fitting parameters in Table 1).
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site shows a marked decrease
in DEQ upon heating, mainly
above liquid nitrogen tempera-
ture. This variation is only 1–
2% for the minor site between
78 and 300 K, but amounts to
10% for the major site in the
same temperature range
(Figure 9). This suggests the
existence of low-lying excited
orbital states for these sites,
which become thermally popu-
lated at higher temperatures.
This casts doubt on the validity
of the isotropic exchange
Hamiltonian.

Figure 10, as well as Fig-
ure S4 and Figure S5 in the
Supporting Information show
Mçssbauer spectra recorded
from powdered samples of 1–3
near liquid helium tempera-
tures. These low-temperature
spectra reveal the onset of
slow relaxation effects for all

three complexes. Well-resolved hyperfine magnetic spectra
are obtained at 1.8 K for 1 and at 4.2 and 6.5 K for 2 and 3,
respectively. The characteristic timescale of Mçssbauer spec-
troscopy is of the order of 10�8 s, and therefore this tech-
nique may be used to monitor the dynamic behavior of the
spins in a different window to AC susceptometry. The ap-
pearance of intermediate relaxation in the 4.2–10 K temper-
ature range for 2 and 3 is consistent with the AC susceptibil-
ity measurements. Extrapolation of the Arrhenius law in
this temperature range, with the parameters derived from

AC susceptometry (see above), indicates that the relaxation
times are in the range of 6<10�8 to 2<10�10 s for 2 and 7.0<
10�7 to 2.0<10�9 s for 3. Also consistent with the above pic-
ture is the fact that the relaxation effects start at a higher
temperature for 3 than for 2. The observation of magnetical-
ly split spectra in the absence of an external magnetic field
indicates that the low-lying states of the complexes consist
of almost degenerate non-Kramers doublets with Ising-type
anisotropy. This is at variance with the usual Mçssbauer
spectra of complexes characterized by singlet spin states of
FeII, which show quadrupole-split doublets.[34]

The observation of magnetically split Mçssbauer spectra
for complex 1 is noteworthy. A fully magnetically split spec-
trum is observed at 1.9 K, whereas at 4.2 K the spectrum ex-
hibits complicated behavior (see Figure S4 in the Supporting
Information). The observation of a magnetically split spec-
trum at zero field at the lowest temperature indicates that
the ground state of 1 also consists of an almost degenerate
non-Kramers doublet. Because of the small nominal spin of
the ground state of 1, its dynamic behavior was not studied
further.

Figure 10, as well as Figure S4 and Figure S5 in the Sup-
porting Information also show theoretical simulations of the
2 K spectra for the three compounds. In order to reproduce
each spectrum, we proceeded as follows: i) a simple model
was applied assuming that each iron nucleus experiences a
magnetic field Bi with a fixed orientation relative to the
largest component of an axial (h=0) electric field gradient
tensor; ii) on the basis of the T>20 K spectra, we assumed
two different groups of ferrous sites in terms of d and DEQ

values, and these parameters were kept constant during the

Figure 9. Thermal variation of the DEQ/DEQ
(78 K) ratio for both sites of 1–

3. Minor and major sites are shown with open and filled markers, respec-
tively.

Figure 10. Low-temperature Mçssbauer spectra of 3. The 1.8 K spectrum has been fitted according to the as-
sumptions described in the text.
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fitting procedure; iii) one ferrous site was assigned to the
central iron atom, while the site corresponding to the re-
maining eight iron atoms was progressively subdivided from
one to two and then to four ferrous subsites (with relative
values of 8, 4, and 2, respectively, compared to the central
site); iv) the line-widths G1/2 were left as free variables.

The best results were obtained by assuming five magneti-
cally distinct species in a 2:2:2:2:1 ratio. This model suggests
that the eight hexacoordinate ferrous atoms can be grouped
into four subsites (I–IV). The results of the fits are listed in
Table 2.

The magnetic field Bi at each ferrous site depends on the
exchange coupling between these sites according to the rela-
tionship:

Bi ¼ B0hSii=S ð3Þ

where B0 is the intrinsic field at each ferrous site. The intrin-
sic magnetic field B0 is the sum of the Fermi contact term
BF, which is isotropic and negative, the orbital term BL,
which is isotropic and positive, and the dipolar term BD,
which is anisotropic.[35] For high-spin ironACHTUNGTRENNUNG(III) complexes,
only the BF term is important, resulting in a rather simple
situation. For high-spin iron(II) complexes, however, BL and
BD contribute significantly and B0 cannot be reliably esti-
mated. hSii is the spin expectation value for each ferrous site
and S is the total spin. If we assume that B0 is common to
all of the ferrous sites, then the magnetic inequivalence be-
tween these sites must be due to different hSii values. This
parameter critically depends on the coupling scheme.[36]

From Table 2, it can be seen that all ferrous sites are charac-
terized by appreciable magnetic fields, indicating that con-
siderable spin density is located on each site. This indicates
that the spin of the ground state results from a non-trivial
spin-coupling mechanism, in agreement with the magnetic
susceptibility data, which were indicative of intermediate

spin for the ground state. We may rule out cases in which in-
termediate couplings between individual sites i and j are
such that Sij =0. In this event, we would expect sites with
negligible hSii values, leading to cancellation of the internal
magnetic fields.

It is useful to compare the dynamic magnetic behavior as
monitored by AC susceptibility measurements and the
Mçssbauer properties of the present compounds 1–3 with
those of some ironACHTUNGTRENNUNG(III) complexes exhibiting SMM behav-
ior.[32g,37,38] In the cases of “Fe8”[37] and “Fe4”,[38a] the ground
state of the systems is characterized by a well isolated spin
(S=10 and S=5, respectively) and the relaxation of mag-
netization follows the Arrhenius law with a pre-exponential
factor of 10�7 s and an energy barrier of 22 K. This energy
barrier is smaller in comparison with those of complexes 2
and 3. However, the pre-exponential factors for 2 and 3 are
four to five orders of magnitude smaller than those for
“Fe4” and “Fe8”. This difference in pre-exponential factors
is reflected in the temperature ranges over which relaxation
phenomena are observed by Mçssbauer spectroscopy. For
the “Fe4” and “Fe8” clusters, these effects appear at temper-
atures above 30 K, whereas for the present clusters 1–3, re-
laxation spectra are observed at T<12–13 K. For the Fe13
cluster,[32g] an energy barrier of about 13 K and a rather
small pre-exponential factor of 10�13 s have been derived
from AC susceptibility data, and magnetically split spectra
emerge at T<13 K.

Concerning SMMs based on high-spin ferrous ions, of
relevance are the alkoxo-bridged ferrous cubes.[16,17] Howev-
er, no Mçssbauer spectra are available for these. Their pre-
exponential factors were found to be ~10�9 s, with energy
barriers of 26–30 K. With these values, we would expect re-
laxation effects in the Mçssbauer spectra to emerge in the
range 10–15 K. Two other similar alkoxo-bridged ferrous
cubes have been reported.[39] One of them was shown to ex-
hibit an S=8 ground state, but the dynamic magnetic prop-
erties were not reported. However, the zero-field Mçssbauer
spectra at 4.2 K comprise a quadrupole-split doublet. The
results of the present study strongly suggest that the lack of
magnetically split Mçssbauer spectra at this temperature dis-
favors the likelihood that this compound may exhibit SMM
behavior. Either the ground state of this compound is a sin-
glet, which does not exhibit uniaxial properties, or the relax-
ation times are fast (t<10�8 s at 4.2 K), thus precluding su-
perparamagnetic behavior. For the other complex, the static
magnetic measurements were complicated and no analysis
was pursued,[40] and the dynamic magnetic properties were
not monitored. Solid samples of this cluster exhibited mag-
netically split Mçssbauer spectra without an applied magnet-
ic field at T<~6 K, but this behavior was attributed to low-
dimensional intermolecular interactions.

X-band EPR spectroscopy: Figure 11 shows the X-band
EPR spectra of powdered samples of complexes 1–3 record-
ed at 4.2 K. As can be seen, a strong signal is observed for 1
at relatively low values of the external magnetic field,
whereas 2 and 3 are EPR-silent. The results from Mçssbauer

Table 2. Mçssbauer parameters obtained from fitting the 2 K spectra of
compounds 1–3 as described in the text.

Complex Site Bi

[T]
q

[8][a]
G

ACHTUNGTRENNUNG[mms�1]

1 I 32.5 75 0.60
II 29.8 72 0.70
III 28.8 57 0.94
IV 10.3 60 1.98
V 24.5 33 0.73

2 I 30.4 76 0.82
II 28.4 60 0.48
III 25.5 57 0.50
IV 19.7 41 0.48
V 24.0 41 0.48

3 I 28.3 63 0.53
II 26.2 57 0.45
III 23.8 55 0.50
IV 19.2 53 0.73
V 22.4 34 0.38

[a] q is the angle between the internal magnetic field, Bi, and the direc-
tion of the largest component of the EFG tensor.
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spectroscopy presented above indicate that the ground
states of 2 and 3 are almost degenerate non-Kramers dou-
blets. Intra-doublet X-band EPR signals are expected from
such systems, provided that the inter-doublet separation D0

at zero field is finite, of the order of microwave energy (hn~
0.3 cm�1). If D0 !hn, the transition probability is small. The
absence of X-band EPR signals for 2 and 3 at 4.2 K is in
agreement with the Mçssbauer spectroscopy results dis-
cussed above, which indicate that D0~0.

The line shape of the EPR spectrum of 1 is strongly remi-
niscent of signals usually observed for integer spin sys-
tems.[40] In general, these signals are retained and enhanced
when the EPR experiment is carried out with the microwave
field oscillating parallel to the external static magnetic field
(parallel mode). Figure 12 shows EPR spectra of samples of
1, powdered or dissolved in toluene, recorded in either per-
pendicular or parallel mode. The solid-state and solution
spectra are similar, except that the features in the latter are
slightly narrower.

Such integer spin signals are generated by microwave
transitions between a pair of levels in a spin multiplet with a
splitting D0 in zero field that satisfies the condition D0<hn.
Because the pair of levels is not degenerate in zero field, a
magnetic field will increase the splitting of the levels quad-
ratically.[40] The resonance condition for such a non-Kramers
doublet is given by Equation (4):

hv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

0þðgeffbHÞ2
q

ð4Þ

where geff is an effective g value.
The solution spectra in both parallel and perpendicular

mode can be simultaneously simulated by assuming such a
non-Kramers doublet.[40] Indicative (but not unique) param-

eters with which the spectra are well reproduced are D0 =

0.28 cm�1 and geff =8.0. To reproduce the line shape, a Gaus-
sian distribution of the parameter D0 was employed, with
sD0 =0.025 cm�1 (Figure 12).

Because of the complicated spin-coupling schemes for
complexes 1–3, further analysis and studies by X-band EPR
spectroscopy were not pursued. A notable observation is
that complexes 2 and 3 do not give rise to intra-doublet X-
band EPR signals, which may be attributed to negligible D0

values for each of the doublets occupied at 4.2 K. Since this
parameter is a measure of quantum tunneling of magnetiza-
tion,[41] a vanishingly small value indicates that this mecha-
nism is not effective for 2 and 3, as befits their slow relaxa-
tion properties.

High-field EPR studies, as well as other paramagnetic res-
onance techniques such as frequency domain magnetic reso-
nance spectroscopy, are usually applied in order to quantita-
tively determine the spin and the zero-field splitting param-
eters for systems with well-isolated ground states and large
spins.[42] In the present case, the complicated nature of the
ground state, as revealed by the data presented herein,
along with the high reactivity of the complexes towards at-
mospheric oxygen, give rise to theoretical and technical
complications that preclude such studies for the time being.

Figure 11. X-band EPR spectra of powdered samples of 1–3 at 4.2 K.
EPR conditions: microwave power 38 mW, mod. ampl. 25 Gpp, micro-
wave frequency 9.40 GHz (perpendicular mode).

Figure 12. Perpendicular (top) and parallel-mode (bottom) X-band EPR
spectra for complex 1, at 4.2 K in the solid state (left) and in frozen tolu-
ene solution (right). The solid lines are simulations of the spectra consid-
ering transitions obeying Equation (4) with D0 =0.28 cm�1, geff =8.0, and
sD0 =0.025 cm�1. EPR conditions: microwave power 38 mW, mod. ampl.
10 Gpp, microwave frequency 9.35 GHz (parallel mode), 9.60 GHz (per-
pendicular mode).
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1H NMR spectroscopy: The 1H NMR spectra of 1–3 were re-
corded in CD3CN in order to assess the stability of these
complexes in solution. This choice of solvent was based on
the fact that all three complexes were initially prepared in
acetonitrile. Assuming that the molecular structure (virtual
D4h symmetry) is retained in solution, we would expect five
signals, four from the aromatic pyridyl protons and one
from the acetate methyl protons, in a respective 1:1:1:1:3
ratio. In the case of 1, the signals of the two hydroxo groups
would be expected to be too broad and shifted to be ob-
served.

The 1H NMR spectrum of complex 1 shows broad and
shifted peaks, spanning the d=0–50 ppm range, characteris-
tics that are typical of the NMR spectra of paramagnetic
species and that are consistent with the high-spin (S=2)
electronic configuration deduced for the FeII ions in these
complexes. The spectrum comprises a group of four broad
and overlapping peaks in the d=47–44.8 ppm range and an
additional signal at d=37.6 ppm (Figure 13 and Table 3).
Careful integration of the peaks shows that the relative area
ratio between the group of peaks at d=47.0, 46.2, 45.5, and
44.8 ppm and the peak at d=37.6 is 1.1:1, close to the value
of 1.3:1 expected for the Hpy:Hac ratio. This rules out the
possibility that the less shifted peak might be assigned to a
pyridyl proton, which would require a 3:1 relative area
ratio. Thus, the less shifted peak is assigned to the protons
of the coordinated acetato ligand and the group of four
overlapping peaks is assigned to the pyridyl protons.

The spectra of complexes 2 and 3 are almost identical.
They span the d=0–60 ppm range and feature four broad
but discrete peaks in the d=35–60 ppm range, with three
peaks in the d=42–58 ppm range almost equal in intensity

and a much more intense peak at around d=40 ppm
(Figure 13 and Table 3). Careful integration confirms an ap-
proximate ratio of 1:1:1:3 between the more shifted triad
and the less shifted peak. This leads us to assume that only
three of the pyridyl protons are observable, with the signals
of those adjacent to the paramagnetic center (6,6’) being too
broad and shifted. This is a characteristic attribute of pyridyl
protons close to paramagnetic centers, and has been ob-
served for the 2,9-protons of 1,10-phenanthroline and the
6,6’-protons of 2,2’-bipyridine[43] in their respective ironACHTUNGTRENNUNG(III)
complexes, the signals of these protons being significantly
shifted and appearing as very broad peaks. The overall ap-
pearance of the spectra indicates the absence of equilibria in
solution. Thus, we attribute the first three peaks to three
pyridyl protons and the less shifted peak to the acetato pro-
tons.

For all three complexes, an unequivocal assignment of the
observed pyridyl signals is not yet possible. For this, further
experiments would be necessary, but the absence of cross-
peaks in the 2D COSY and TOCSY spectra deterred us
from carrying out additional studies.

An important feature of the 1H NMR spectra of com-
plexes 1, 2, and 3 shown in Figure 13 is that two of the pyr-
idyl protons of complexes 2 and 3 show larger chemical shift
differences (Dd~7 ppm) compared to the respective protons

of 1 (Dd~3 ppm). In addition,
one of the proton signals ob-
served in the spectrum of 1
(6,6’) is not observed in the
spectra of 2 and 3 due to a
strong paramagnetic shift.
Making the reasonable as-
sumption that these three com-
plexes adopt almost identical
structures in solution, as in the
solid state, these differences
can only be attributed to the
different electronic structures
stemming from different cou-
pling of the spins. At 298 K, a
multitude of electronic states is
thermally populated. Due to
the different couplings within 1
as compared to those within 2
and 3, the mapping of these
electronic states is expected to
differ, thereby resulting in dif-
ferences in the paramagnetic
NMR shifts.

Figure 13. 1H NMR spectra of complexes 1, 2, and 3 in CD3CN. The aromatic and acetato protons show strong
paramagnetic shifts and line broadenings. The expansion of the diamagnetic region shows the presence of sol-
vent impurities, as well as some acetato protons.

Table 3. 1H NMR shifts for complexes 1–3.

Complex Pyridyl protons Methyl protons

1 47.0, 46.2, 45.5, 44.8 37.6
2 57.2, 52.5, 45.9 41.0
3 54.6, 51.4, 44.4 39.9
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Conclusion

In the present work we have made use of prior synthetic
and physical knowledge to design and synthesize new single-
molecule magnets: complexes 1–3 have been prepared ac-
cording to synthetic methods that have previously been used
to obtain the respective CoII and NiII complexes, and their
stability in solution has been verified by 1H NMR spectros-
copy. Complexes 2 and 3 have been found to exhibit SMM
behavior, as desired, but close-lying magnetic states lead to
an undeterminable ground state. This leads to possible level
crossings of the lowest-lying states upon application of vary-
ing magnetic fields and consequent stabilization of different
ground states. Magnetic susceptibility results have been
compared with 57Fe Mçssbauer and X-band EPR spectro-
scopic results. Mçssbauer spectroscopy showed the onset of
magnetic relaxation at different temperatures for the three
complexes.

The combined examination of magnetic susceptibility, X-
band EPR, and Mçssbauer spectroscopic data has led to the
conclusion that the electronic structures of 1–3 are too com-
plicated to be simply described, mainly due to: i) non-negli-
gible orbital contributions of the iron(II) ions, ii) proximity
of the spin states due to moderate FeII–FeII exchange cou-
plings, which results in a multitude of low-lying excited
states that are progressively stabilized by increasing magnet-
ic fields, and iii) magnetic inequivalence of the iron(II) sites.
Some firm conclusions concerning their electronic structures
can be drawn, but detailed descriptions are elusive. Thus,
these systems present a challenge to the theory of molecular
magnetism, being at the bordeline between tractable and in-
tractable systems. They also constitute non-classical exam-
ples of SMMs, in the sense that their ground states are not
well isolated and the energy barrier for spin reversal cannot
be calculated from a simple DŜz

2 Hamiltonian.

Experimental Section

Syntheses

Caution : Although no such behavior
was observed during the present work,
azido salts are potentially explosive
and should be handled with care.

ACHTUNGTRENNUNG[Fe9(OH)2 ACHTUNGTRENNUNG(O2CMe)8 ACHTUNGTRENNUNG{(2-py)2CO2}4]
(1): Treatment of a white slurry
of Fe ACHTUNGTRENNUNG(O2CMe)2·1.75H2O (0.411 g,
2.00 mmol) in MeCN (50 mL) with
(2-py)2CO (0.184 g, 1.00 mmol) re-
sulted in the formation of a dark
blue-green solution. The solution was
boiled for 5 min, in the course of
which a noticeable color change to
dark red was observed. The red solu-
tion was filtered and allowed to stand
undisturbed in a stoppered flask
inside the glovebox. After 2–3 days,
red cubes of 1·6.67H2O·2.67MeCN
had formed. These were collected by
filtration, washed with MeCN, and

dried in vacuo. The yield was about 30%. The dried solid analyzed as sol-
vent-free. Elemental analysis calcd (%) for C60H58Fe9N8O26 (1809.8): C
39.82, H 3.23, N 6.19; found: C 39.74, H 2.93, N 5.96.

ACHTUNGTRENNUNG[Fe9(N3)2 ACHTUNGTRENNUNG(O2CMe)8 ACHTUNGTRENNUNG{(2-py)2CO2}4] (2) and [Fe9 ACHTUNGTRENNUNG(NCO)2 ACHTUNGTRENNUNG(O2CMe)8 ACHTUNGTRENNUNG{(2-
py)2CO2}4] (3): Treatment of a white slurry of Fe ACHTUNGTRENNUNG(O2CMe)2·1.75H2O
(0.657 g, 3.20 mmol) in MeCN (60 mL) with (2-py)2CO (0.295 g,
1.60 mmol) resulted in the formation of a dark blue-green solution. The
solution was boiled for 5 min, in the course of which a noticeable color
change to dark red was observed, and then solid NaN3 (0.052 g,
0.80 mmol) for 2 or KOCN (0.065 g, 0.80 mmol) for 3 was added. The
orange-red solutions were left to cool, the respective precipitates of
NaO2CMe (2) and KO2CMe (3) were filtered off, and the resulting solu-
tions were allowed to stand in stoppered flasks inside the glovebox. After
2–3 days, orange prisms of 2·1.36H2O·2.16MeCN and yellow prisms of
3·0.25H2O·2.37MeCN had formed. These were collected by filtration,
washed with MeCN, and dried in vacuo. The yields were about 40% for
2 and about 30% for 3. The dried samples analyzed as solvent-free. Ele-
mental analysis calcd (%) for 2 (C60H56Fe9N14O24, 1859.8): C 38.75, H
3.04, N 10.54; found: C 38.60, H 2.97, N 10.44. Elemental analysis calcd
(%) for 3 (C62H56Fe9N10O26, 1859.8): C 40.04, H 3.04, N 7.53; found: C
39.92, H 2.95, N 7.46.

Crystallographic data collection and structure determination: For com-
plexes 1 and 2, the selected crystals (1: red prismatic block, 0.50<0.25<
0.17 mm3; 2 : red prismatic block, 0.50<0.37<0.30 mm3) were mounted
on an Oxford Diffraction Xcalibur diffractometer equipped with an
Oxford Instruments Cryojet cooler device and examined with graphite-
monochromated MoKa radiation (l=0.71073 R).[44] Data were collected
at 180 K for 1 and 160 K for 2 in four runs (f=08, 908, 1808, 2708) and
with w scans up to q=268. 96313 (1) [44266 (2)] reflections were collect-
ed, of which 5668 (1) [22953 (2)] were independent (Rint =0.1219 (1)
[0.0407 (2)]). The absorption correction coefficients were 1.226 (1) and
1.657 mm�1 (2). The structures were solved by direct methods using
SHELXS-97[45] and refined againsy F2 by a full-matrix least-squares
method using SHELXL-97[46] with anisotropic displacement parameters
for all non-hydrogen atoms. Scattering factors were taken from the litera-
ture.[47]

For complex 3, data were collected at 180 K from a yellow (see synthesis
above) prismatic crystal (0.37<0.25<0.20 mm3) mounted on an IPDS
STOE diffractometer using graphite-monochromated MoKa radiation
(l=0.71073 R). The final unit cell parameters were obtained by least-
squares refinement of a set of well-measured reflections, and monitoring
for crystal decay during the data collection did not reveal any significant
fluctuations in the intensities. 61248 reflections were collected, of which

Table 4. X-ray crystallographic data for complexes 1–3.

1·6.67H2O·2.67MeCN 2·1.36H2O·2.16MeCN 3·0.25H2O·2.37MeCN

formula C65.34H79.35Fe9N10.67O32.67 C64.32H65.2Fe9N16.16O25.36 C66.74H63.61Fe9N12.37O26.25

Fw 2039.73 1973.12 1961.60
space group tetragonal, P4/nnc triclinic P1̄ triclinic P1̄
a [R] 25.4603(12) 18.864(1) 18.797(2)
b [R] 25.4603(12) 20.177(1) 20.135(2)
c [R] 25.274(2) 21.752(1) 21.783(3)
a [8] 90 101.015(3) 100.916(13)
b [8] 90 97.572(3) 97.843(13)
g [8] 90 90.730(3) 90.497(10)
V [R3] 16383(2) 8049.8(5) 8014(2)
Z 6 4 4
1calcd [gcm�3] 1.231 1.637 1.643
l [R] 0.71073 0.71073 0.71073
T [K] 180(2) 160(2) 180(2)
m ACHTUNGTRENNUNG(MoKa) [cm�1] 1.226 1.657 1.664
reflections measured/unique 96313/5668 44266/22953 61248/26578

(Rint=0.1219) (Rint=0.0407) (Rint=0.0434)
data with (I>2s(I)) 4395 18381 20334
R1(obs,all) 0.1085, 0.1358 0.0467, 0.0599 0.0371, 0.0547
wR2(obs,all) 0.2733, 0.3021 0.1132, 0.1206 0.0893, 0.0988
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26578 were independent (Rint =0.0434); the absorption correction coeffi-
cient was 1.664 mm�1. The structure was solved by direct methods using
SHELXS-97 and refined by least-squares procedures on F2 with
SHELXL-97. All non-hydrogen atoms were refined anisotropically.

For all three complexes, all hydrogen atoms were placed in idealized po-
sitions using a riding model and their isotropic displacement factors, Uiso,
were fixed at 1.2 or 1.5 times Ueq of their parent carbon atom. As regards
to the solvents of crystallization, the two acetonitrile and five water mol-
ecules of 1, four of the six acetonitrile and two of the four water mole-
cules of 2, and four of the six acetonitrile and two water molecules of 3
were assigned partial occupancies and refined anisotropically along with
the other non-hydrogen atoms. Crystallographic data are compiled in
Table 4.

CCDC-661342 and CCDC-661343 contain the supplementary crystallo-
graphic data for complexes 1 and 3, respectively. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

Physical measurements : C, H, and N microanalyses were performed at
the Microanalytical Laboratory of the Laboratoire de Chimie de Coordi-
nation in Toulouse, France. Infrared spectra (4000–400 cm�1) were re-
corded from samples in KBr disks on a Perkin-Elmer Spectrum GX FT-
IR spectrometer.

Mçssbauer measurements were performed on a constant acceleration
conventional spectrometer with a 50 mCi 57Co source (Rh matrix). The
absorber was a powdered sample enclosed in a 20 mm diameter cylindri-
cal plastic sample holder, the size of which had been determined to opti-
mize the absorption. In order to avoid oxidation of the sample, the
sample holder was sealed with Araldite inside the glovebox. Variable-
temperature spectra were obtained in the 1.9–293 K range by using
Oxford cryostats equipped with an Oxford ITC4 servocontrol device
(�0.1 K accuracy). The WMOSS (WEB Research, http://www.webres.-
com) or Recoil[48] program packages were used to fit the Mçssbauer spec-
tra. Isomer shift values (d) are reported relative to iron foil at 293 K.

Variable-temperature (2–300 K) DC magnetic susceptibility data were
collected from vacuum-dried samples of 1–3 using a Quantum Design
MPMS SQUID magnetometer in a field of 1 T (1) and 0.1, 0.5, 1, 2.5,
and 5 T (2 and 3). To avoid aerial oxidation, the samples were pressed
into 3 mm diameter pellets inside the glovebox and sealed within gelatin
capsules. The gelatin capsules were transferred directly from the glove-
box to the SQUID magnetometer to minimize the risk of aerial oxida-
tion. Data were corrected by applying the standard procedure for the
contribution of the sample holder and the diamagnetism of the sample.
Variable-temperature AC magnetic susceptibility data for complexes 2
and 3 were collected between 1.9 and 5.0 K, with the magnetic field oscil-
lating at 1, 5, 10, 50, 100, 250, 500, and 1000 Hz with an amplitude of
10�4 T. Additional measurements (250, 400, 600, 800, and 1000 Hz) were
carried out under static magnetic fields of 0.1 and 0.2 T to evaluate the
effect of the magnetic field on the relaxation process.

X-band EPR measurements were carried out with a Bruker ER-200D
spectrometer equipped with a Bruker dual-mode cavity, an Anritsu fre-
quency counter, an NMR gaussmeter, and an Oxford ESR-9 cryostat. To
avoid sample oxidation, the EPR tubes were prepared inside the glove-
box and flame-sealed on a vacuum line. Caution: Molten quartz generates
large amounts of harmful UV radiation and appropriate protective glasses
must be worn to avoid eye-damage. The spectra were simulated with soft-
ware (SpinCount) kindly provided by Prof. M. Hendrich, Department of
Chemistry, Carnegie Mellon University, Pittsburgh, PA, USA.
1H NMR spectra were recorded from samples dissolved in CD3CN at
293 K on a Bruker AMX400 spectrometer equipped with a 5 mm triple-
resonance inverse probe operating at 400.13 MHz. 1H chemical shifts are
quoted relative to TMS using the residual protons of the solvent as a sec-
ondary standard. To avoid sample oxidation, CD3CN was deoxygenated
by repeated freeze-pump-thaw cycles prior to its introduction into the
glovebox for sample preparation. The NMR tubes were prepared inside
the glovebox and then flame-sealed on a vacuum line.
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