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Single-molecule magnets (SMMs) are molecules that can be
magnetized in a magnetic field and which, at very low
temperatures, retain the magnetization when the external
field is switched off.'l They exhibit hysteresis loops in
magnetization versus field experiments. The key requirement
for such behavior is the presence of Ising-type anisotropy
(easy axis of magnetization) together with a relatively large
magnetic moment, leading to an energy barrier to the
relaxation of the magnetization. The height of the barrier U
characterizing each member of this family of compounds is
governed by the value of the spin ground state S (assuming
that this state is well-separated from the excited states) and
the magnitude of the Ising-type anisotropy (characterized by
the axial zero-field splitting (ZFS) parameter D), with U=
| D|$* for an integer spin and U=|D | ($*—1/4) for a half-
integer spin. The spin reorientation can occur either by
thermal processes or by quantum tunneling of magnetization
(QTM).”! To date, most of the characterized complexes
exhibiting SMM behavior are high-nuclearity high-spin
transition-metal clusters, but it has also been shown that
mononuclear rare-earth compounds can behave as nano-
magnets.”) A vast majority of these species have been
synthesized in the presence of organic ligands, and it is only
recently that Cronin, Murrie, and co-workers reported the
first 3d polyoxometalate (POM) compound exhibiting SMM
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behavior. In this compound, a mixed-valence [Mn™,Mn",0,
(H,0),]*" core is encapsulated between two {XW,05,} (X =
Ge', Si'V) moieties.! At the same time, an example of a POM
lanthanide single-ion SMM was reported by Coronado, Gaita-
Arifio, and co-workers.’! The observation that POM ligands
can be used for the synthesis of transition-metal-based SMMs
is in line with the observation that polyoxotungstate ligands
are able to induce very strong axial magnetic anisotropy,
leading to the presence of an easy axis of magnetization.!! But
the implication of the POM compounds in the SMM field is
limited by the fact that no magnetic polyoxotungstate
characterized by a well-isolated spin ground state with an S
value greater than 61" has been reported, despite the large
number of high-nuclearity magnetic POM clusters reported to
date.® From a synthetic point of view, the strategy considered
to obtain such systems had mainly consisted in the combina-
tion of 3d cations with POM ligands characterized by the
presence of diamagnetic heteroatoms and a large number of
lacunary sites, as exemplified by the multinuclear species
obtained using the trivacant {XW,Os,} systems (X =PV,
SiVI ), the hexavacant [H,P,W,0,]">" entity,'!l or the
crown-shaped ligand [H,PsW,50,5,]* . In contrast, the
synthesis of high-nuclearity POM complexes possessing
magnetic heteroatoms remains largely unexplored. Indeed,
to date, most of the POM compounds containing a para-
magnetic heteroelement were saturated {XM;,0,}" or
monovacant {XM;,0;}™ (X =Fe™™, Cu", Co") Keggin-type
complexes. Nevertheless, pentanuclear!"” and hexanuclear!'®!
sandwich-type species have also been reported, showing that
systems containing multiple paramagnetic heteroatoms can
also be obtained using this strategy. We have initiated a
systematic study of the WO, /M"" system, where M"" is a
magnetic 3d transition-metal cation. Herein we report on
nonairon(IIT) and hexairon(III) complexes that have been
found to exhibit SMM behavior.

Hydrothermal reaction of tungstate, iron(III), and tetra-
methylammonium at pH 7 afforded a precipitate, which was
filtered off. Slow evaporation of the filtrate yielded large
orange crystals of  Na,(C,H;,N)s[(Fe,W,0,(H,0)),
(FeW¢O4)]-S0H,0O (1). Further evaporation of the super-
natant after removal of 1 leads after several days to small
yellow crystals of Nag(CH;,N),[Fe,(H,0),(FeW,0s,),]
‘45H,0 (2). The purity of each phase can be checked by
comparison of the experimental X-ray powder diffraction
pattern with the powder pattern calculated from the structure
solved from single-crystal X-ray diffraction data (Figure SI1
in the Supporting Information). In 1, the vacancies of two [B-
a-FeW,0,,]'"" trivacant ligands (where B refers to the
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orientation of the {FeO,} tetrahedron) are filled by three Fe™
cations, forming two tetranuclear {Fe,W,} subunits, which are
connected by an {FeW,0,¢} cluster (Figure 1a). Valence-bond
calculations!"”! (Table SI1 in the Supporting Information)

Figure 1. Mixed polyhedral and ball-and-stick representations of
a) complex 1 and b) complex 2. Gray octahedra WOq, black spheres
Fe, white spheres O.

indicate that in this nonairon cluster, all the iron centers are
in the oxidation state +III and that two iron centers are
coordinated to two terminal water molecules, while the other
oxygen atoms in this POM are not protonated. Concerning
the paramagnetic ions, the three Fe cations acting as
heteroelements (noted Fe,,) adopt a tetrahedral geometry,
while the six remaining iron centers (noted Fe,,) are in
octahedral environments. This complex can be compared to
the reported  [NigAs;W,,00,(H,0),]”~ and [Co,
(H,0),(OH),P,W,s0,,]'*" POMs,™ with nine Fe' ions in 1
replacing both the paramagnetic ions and the diamagnetic
heteroatoms present in these two complexes. Compound 2
consists of two [B-a-FeWy05,]"'" trivacant units similar to
those found in 1, but in 2, these two fragments sandwich a
{Fe,(H,0),0,,} tetranuclear cluster (Figure 1b). This species
is analogous to the hexanuclear alkali salt previously reported
by Krebs and co-workers!'® and to the peroxo compound
recently reported by the group of Neumann." It can also be
compared to the hexanuclear mixed-valent compound
[Fe",Fe",(enH),(Fe"W,05,),]'"~ (en = ethylenediamine), in
which the Fe"' centers are stabilized by pendant en ligands.!®"!

UV/Vis spectroscopy (Figure SI2 in the Supporting Infor-
mation) and electrochemical studies revealed that both 1 and
2 are stable in aqueous solution at pH 0-7 (see the Supporting
Information). Figure2 and Figure SI3 in the Supporting
Information show the cyclic voltammograms of 1 and 2,
respectively, in 0.5M aqueous Li,SO, (pH1). The main
observation is the stepwise reduction of the Fe' centers
sandwiched between the tungsten skeletons {FeW,} and
{FeWg}, which can be compared to the reduction processes
previously described for sandwich-type complexes containing
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Figure 2. Cyclic voltammogram of 1 in a 0.5m Li,SO,+ H,SO, solution
at pH 1. Working electrode: glassy carbon; reference electrode: satu-
rated calomel electrode (SCE); scan rate: 10 mVs™'; POM concentra-
tion: 0.14 mwm.

iron(I11).”" Furthermore, the cyclic voltammograms and
controlled-potential coulometry experiments confirm the
electrochemical inertia of the Fe, heteroatoms. Among this
family of POMs that contain a d metal as heteroatom, only
the Co center encapsulated inside the [CoW,,0,]°" deriv-
ative is known to be electroactive.”™ Controlled-potential
coulometry experiments were carried out at pH 5 to deter-
mine the total number of electrons involved in this process.
The potential was set at —0.620 V versus SCE, yielding 6.02 +
0.05 electrons per molecule of 1 and 3.98 +0.05 electrons per
molecule of 2. These results are consistent with the reduction
of the six and four Fe' centers in 1 and 2, respectively. The
characteristic blue color associated with a reduced tungsten—
oxygen framework was not observed in either case during
these experiments, a consequence of the relatively large
potential gap between the Fe™ and WYl-based redox
processes (Figure SIS in the Supporting Information).
Another important point is the determination of the
number of electrons exchanged at each Fe™ reduction step.
For the polyanion 2, based on the peak reduction current, the
three successive redox steps are two-, one-, and one-electron
processes, respectively. The behavior of the six electroactive
Fe™ centers in 1 is less classical. Controlled-potential
coulometry experiments (with potential set at —0.160 V vs.
SCE at pH 3) indicate that in 1 2.92+0.05 electrons per
molecule are exchanged on the first wave, and then by
comparison (based on their relative heights) that three, two,
and one electron per molecule are exchanged on the first,
second, and third waves, respectively. A quasi-nonreversible
wave featuring the reduction of the tungsten framework
follows the reduction of Fe™ centers for both compounds.
This composite wave shifts towards negative potentials as the
pH value of the electrolyte is increased (Table SI2 in the
Supporting Information). This common behavior of POMs is
related to the influence of protonation during the redox
process.!

The magnetic behavior of 1 was investigated in the 2-
300 K temperature range. The yy T curve (yy is the molar
magnetic susceptibility) exhibits a continuous increase when
the temperature is decreased (Figure SI6 in the Supporting
Information), but over the entire experimental temperature
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range the value of yy 7T is lower than that calculated for nine
isolated S =5/2 centers (yy T=239.375 cm*mol 'K, assuming
g=2), indicating antiferromagnetic interactions. Considering
that the determination of the magnetic exchange parameters
by direct diagonalization of the adapted Heinsenberg—Dirac—
Van Vleck Hamiltonian is not possible given the size of the
matrices involved (ca. 10" x 107), we focused our study on the
determination of the nature of the spin ground state. The
curves M =f(HT ") at 2, 4, 6, and 8 K are shown in Figure 3.

15
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Figure 3. Magnetization versus magnetic field divided by temperature

at 2, 4, 6, and 8 K (from right to left) for compound 1. The solid lines

were generated from the best-fit parameters given in the text. Inset:

spin alignments in 1 of the S=15/2 spins localized on the nine Fe"

centers, leading to the overall S=15/2 ground state.

These curves saturate at a value close to M =15 N, where N
is Avogadro’s number and f3 is the Bohr magneton, suggesting
an $=15/2 ground state. An excellent fit of these data
considering the Hamiltonian in Equation (1):

H= g,uBHS‘JrD[Sf 7%5(s+ 1)} + E{s2 +S§] 1)
with g=2.00 afforded the parameters S=15/2, |D|=
024cm™, and |E/D|=0.18 (R=6.8x107).2"! The multi-
plicity of the ground state can be rationalized in terms of
magnetostructural correlations. First, it is well known that for
oxo-bridged high-spin Fe™ compounds small Fe—O bond
lengths d and large Fe-O-Fe angles 0 lead to large antiferro-
magnetic interactions.”” Second, it has been shown that the
magnetic interactions through Fe-O(W)-Fe bridges are much
weaker than those occurring through oxo ligands,®! implying
that in 1 the magnetic interactions involving the us-oxo
ligands are predominant. In 1, all the Fe—O distances
involving the Fe™ heteroatoms and bridging Fe-(p;-O)-Fe
oxo ligands are in the 1.83-1.87 A range (Fe-(113-O)-Fe,, ca.
118°), while the corresponding Fe—O distances involving the
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Fe™ cations in octahedral environments are in the 1.97-
2.08 A range (Fe,-(s-O)-Fe, ca. 100°). Considering these d
and 0 values, it follows that the exchange coupling involving
the Fe,, and Fe,, centers is stronger than that involving only
the Fe,, cations. Thus, the Fe, —Fe,, interactions will
dominate, leading to the spin topology depicted in the inset
of Figure 3. The resulting ground state S=15/2 is in agree-
ment with that determined experimentally. Concerning com-
pound 2, a fit of the M=f(HT ") curve at 2, 3, and 4K
considering the Hamiltonian in Equation (1) with g=2.00
afforded the parameters S=5, |D|=0.49 cm™, and | E/D |=
0 (R=4.0x10"%?! (Figure SI7 in the Supporting Informa-
tion). The ground-state spin value determined by this method
is in agreement with the yu7T=1£(T) curve related to 2
(Figure SI8 in the Supporting Information), which reaches a
maximum at 18 K with yy7T=16.0cm’mol 'K (yy7T=
15.0 cm®*mol 'K for a § =35 ground state assuming g =2.00).

Single-crystal M versus H studies were performed on an
array of micro-SQUIDs™*! for complexes 1 and 2. For complex
1, the M =f(H) curves show hysteresis loops at low temper-
atures. The coercive field decreases when the temperature
increases (Figure 4, top) and increases when the field-sweep-
ing rate increases at a fixed temperature (Figure SI9 in the
Supporting Information). This finding indicates that 1 is a
SMM, characterized by a blocking temperature 7, of
approximately 0.6 K, above which there is no hysteresis.
Nevertheless, the M =f(H) curves related to 1 do not show

Figure 4. Magnetization versus magnetic field hysteresis loops at the
indicated temperature at a sweep rate of 0.035 Ts™' for a single crystal
of 1 (top) and at a sweep rate of 0.070 Ts™' for a single crystal of 2
(bottom). The magnetization is normalized to its saturation value M,.
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the steps characteristic of QTM. This behavior is typical for
SMMs with small anisotropy, which are more susceptible to
step-broadening effects associated with low-lying excited
states, intermolecular interactions, and distributions of local
environments. For 2, the M =f(H) curve is characterized at
low temperatures (7,~1.2 K) by stepped hysteresis, with
steps at periodic values of the applied field (Figure 4, bottom),
demonstrating the occurrence of QTM in 2 whenever the
applied field brings energy levels in coincidence. After
applying a negative saturation field, the first step occurs at
about —0.03 T, establishing very small antiferromagnetic
interactions between molecules. Similar to compound 1, the
coercive field decreases for increasing temperature (Figure 4,
bottom) and increases for a faster field-sweeping rate
(Figure ST10 in the Supporting Information), thereby con-
firming the SMM behavior of 2. The field separation between
successive steps is given by AH = | D | (g ps) "% This relation
leads to |D|=0.47 cm™, in excellent agreement with the
value determined by the fit of M=f(H) in the 24K
temperature range. Note the presence of a small step at
about 0.9 T that is probably due to spin—spin cross-relaxa-
tion.”! A plot of the relaxation time versus 1/T is shown in
Figure SI11 in the Supporting Information. The fit of the
thermally activated region (7> 0.3 K) gave 7,=2.0x 10" s™"
and U, =11.6 cm™'. This value of U, is in excellent agree-
ment with the calculated U=|D | $*=11.75cm ™.

In conclusion, we have shown that it is possible to
synthesize high-nuclearity POM clusters incorporating para-
magnetic heteroatoms and possessing ground states with large
spin multiplicity. The extension of this family of POM
compounds to other 3d centers is currently under study. The
iron POMs presented herein exhibit SMM behavior, and the
hexanuclear Fe' complex shows clear QTM effects. The
reported compounds are stable in solution for a wide range of
pH values, allowing their grafting on carbon nanotubes. The
magnetic and electrocatalytic properties of these devices will
be reported soon.

Experimental Section

1 and 2: Na,WO,-2H,0 (0.800 g, 2.43 mmol), FeCl;-6 H,O (0.340 g,
1.26 mmol), and tetramethylammonium bromide (0.400 g, 2.6 mmol)
in water (5 mL) were stirred, and the pH value was adjusted to 7.0 by
addition of 2m aqueous NaOH. The obtained mixture was sealed in a
23 mL teflon-lined stainless steel reactor, heated to 160°C over one
hour, maintained at this temperature for 44 h, and then cooled down
to room temperature over a period of 44 h. The resulting mixture was
filtered and the filtrate left to slowly evaporate. After two days, large
orange crystals of 1 were filtered off (70 mg, 9% yield based on W).
Elemental analysis calcd (%) for Na,FegW,,0,46C,H 4N3: W 55.8,
Fe 6.36, Na4.07, C1.82, H1.79, N 0.53; found: W 55.0, Fe 5.97,
Na3.25, C1.72, H1.67, N 0.48. Crystal data (I'=100K) for 1:
triclinic, P1, a=13.4678(11), b=15.1320(12), ¢ =15.3939(12) A, a =
111.082(4), f=98.785(4), y=104.592(3)°, V=2728.0(4) A%, Z=1,
0=3.661 g.cm™, u=19.814 mm™', F(000)=2740, GOF=1.177. A
total of 115694 reflections were collected, 15824 of which were
unique (R, =0.0363). R, (WR,) =0.0306 (0.0921) for 671 parameters.
Further evaporation of the filtrate led after several days to small
yellow crystals of 2 (100 mg, 12% yield based on W). Elemental
analysis calcd (%) for NagFesW30,,5C¢Hs,Ny: W 55.0, Fe 5.57,
Na229, C3.20, H2.38, N 0.93; found: W 55.7, Fe 5.49, Na 3.03,

www.angewandte.org

C3.11, H2.07, N 0.86. Crystal data (T=100 K) for 2: monoclinic,
P2./n, a=22.444(6), b=25.517(6), c =23.629(6) A, $=100.079(13)°,
V=13323(6 A, Z=4, p=3.990 gcm™>, u=21.748 mm~!, F(000)=
14516, GOF=1.169. A total of 264730 reflections were collected,
38339 of which were unique (Ry,,=0.0551). R, (WR,)=0.0588
(0.1454) for 1706 parameters. CCDC 712880 (1) and 712879 (2)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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