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Abstract: While the reaction of
[PW,,05]" with first row transition-
metal ions M"* under usual bench con-
ditions only leads to monosubstituted
{PW,;0;)M(H,0)} anions, we have
shown that the use of this precursor
under hydrothermal conditions allows
the isolation of a family of novel poly-
nuclear discrete magnetic polyoxo-
metalates (POMs). The hybrid asym-
metric [Fe"(bpy);][PW;,;05Fe," (OH)-
(bpy),]-12H,O (bpy =bipyridine) com-
plex (1) contains the dinuclear {Fe(u-
O(W))(n-OH)Fe} core in which one
iron atom is coordinated to a monova-
cant POM, while the other is coordi-
nated to two bipyridine ligands. Mag-
netic measurements indicate that the
Fe' centers in complex 1 are weakly
antiferromagnetically coupled (/=
—112cm™, H=-JS,S,) compared to
other {Fe(u-O)(u-OH)Fe} systems. This
is due to the long distances between
the iron center embedded in the POM
and the oxygen atom of the POM

bridging the two magnetic centers, but
also, as shown by DFT calculations, to
the important mixing of bridging
oxygen orbitals with orbitals of the
POM tungsten atoms. The complexes
[Hdmbpy],[Fe''(dmbpy);],[(PW;,05),-
Fe,"'O,(dmbpy),]-14H,0 (2) (dmbpy =
5,5'-dimethyl-2,2'-bipyridine) and H,-
[Fe""(dmbpy);],[(PW,05),Fe,"O,-

(dmbpy),]-10H,0 (3) represent the
first butterfly-like POM complexes. In
these species, a tetranuclear Fe'™ com-
plex is sandwiched between two lacu-
nary polyoxotungstates that are penta-
coordinated to two Fe'" cations, the re-
maining paramagnetic centers each
being coordinated to two dmbpy li-
gands. The best fit of the yyT=£(T)
curve leads to J,,=-59.6cm™' and
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Jop=—102 cm™ (H=—Jyp(5;8,4S5,55+
81685+ 81485:) =5 (5252+)). While the Jy,
value is within the range of related ex-
change parameters previously reported
for non-POM butterfly systems, the J,,
constant is significantly lower. As for
complex 1, this can be justified consid-
ering Fe,—O distances. Finally, in the
absence of a coordinating ligand, the
dimeric complex [N(CH3)4)10-
[(PW,;05Fe™),0]-12H,0 (4) has been
isolated. In this complex, the two single
oxo-bridged Fe™ centers are very
strongly antiferromagnetically coupled
(J=-211.7cm™", H=-JS,S,). The
electrochemical behavior of compound
1 both in dimethyl sulfoxide (DMSO)
and in the solid state is also presented,
while the electrochemical properties of
complex 2, which is insoluble in
common solvents, have been studied in
the solid state.
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Introduction

The architectures of most polyoxometalates (POMs) are
based on specific structural types, such as the Lindquist (e.g.
[WeO]), Keggin (e.g. [PW;,0,>7), or Dawson (e.g.
[P,W,504,]°),[11 although POMs with new topological ar-
rangements are still being discovered.”! Lacunary polyoxo-
tungstates act as ligands that can bind to 3d transition-metal
ions giving rise to species containing transition-metal clus-
ters with nuclearities from 1 to 28" and exhibiting appealing
properties particularly in the fields of molecular magnet-
ism!* and catalysis.”! Furthermore, the incorporation of exo-
geneous ligands bridging the paramagnetic centers allows
the magnetic coupling between the transition-metal ions en-
capsulated within the POM to be modulated.”! Most of
these POM compounds are synthesized by the direct reac-
tion of the lacunary precursor with transition-metal ions
under mild conditions (ambient pressure, 7<100°C). The
use of hydrothermal conditions with preformed POMs as
precursors has so far been limited to mainly saturated
Keggin anions such as [SiW;,0,]*", leading to materials
with isolated transition-metal ions.! A rare example of a
vacant POM introduced in a hydrothermal reactor,
[SiW,,05]*", has led to the neutral molecular complex [Cu,-
(O,CMe),(5,5'-dimethyl-2,2"-bpy),][Cu(5,5 -dimethyl-2,2'-

bpy),][SiW,04] (bpy =Dbipyridine), because of the instabili-
ty of the lacunary precursor.’! It is only very recently that
the first example of the successful use of lacunary POMs as
precursors (i.e., with conservation of the introduced lacuna-
ry POM ligand) has been reported, affording monomeric
hexanuclear clusters.”) On the other hand, numerous struc-
tures of polyoxotungstates synthesized with Na,WO, as a
precursor and under hydrothermal conditions have been de-
scribed in the last few years, giving access to materials based
on isopolyoxotungstates,'” phosphotungstates,'®'"! germa-
notungstates,'” and silicotungstates"® 143 building units,
according to the presence or absence of a heteroelement. It
should be noted that when tungstate is used as a precursor
in such conditions, so far it has been difficult, if at all possi-
ble, to control the nature of the resulting POM ligand.
Moreover, in most cases, saturated POM systems are ob-
tained. Concerning the nature of the 3d transition metal
used, numerous heteropolyoxotungstate-based materials in-
corporate copper ions. This can be related to the Jahn-
Teller effect in Cu" complexes that permits diverse connect-
ing modes between the POMs and the 3d center. However,
to our knowledge, only one example of an iron-containing
POM system synthesized under hydrothermal conditions, a
[PW,,0,]° ion with a {Fe"(phen),(H,0)} group, has been
reported,!' while the synthesis of iron-based POM materials
has been extensively explored under normal bench condi-
tions. These multi-iron complexes exhibit spectacular struc-
tures® and appealing magnetic™ or electrochemical proper-
ties; 1 they are also interesting because of their catalytic
properties,'”! including biomimetic catalysis. Indeed, POMs
can be seen as rigid polydentate ligands with electron-acceptor
properties similar to the active sites of natural enzymes.!®!
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We have, thus, decided to explore the reactivity of pre-
formed vacant POMs with iron(IIl) ions under hydrother-
mal conditions, and we report our first results with monola-
cunary [PW;,05]"" ions as the building units in the presence
or absence of organic ligands. A unique asymmetric dibridg-
ed, dinuclear Fe™ complex, in which one metal center is em-
bedded in a [PW,;05,]’" unit, while the other is connected
to bipyridine ligands, has been characterized. The value of
the exchange coupling parameter between the two paramag-
netic centers has been experimentally quantified and was
found to be surprisingly low. This result has been rational-
ized by using DFT calculations. The first butterfly-like POM
complex which can be seen as the condensation product of
two units similar to the dinuclear complex mentioned above
has also been obtained. The magnetic properties of this
compound have been compared to those found in previously
reported organic-ligand/Fe'™™ butterfly systems. Finally, in the
absence of an organic ligand, a purely inorganic dinuclear
Fe' polyoxometalate in which the two iron centers are very
strongly antiferromagnetically coupled has been character-
ized. The electrochemical properties of the hybrid species
are also reported.

Results and Discussion

Syntheses, IR spectroscopy, TG analysis, and X-ray powder
diffraction: Dark red crystals of [Fe"(bpy);][PW;;O5Fe,"-
(OH)(bpy),]-12H,0 (1) were obtained in high yield by the
reaction of [0-PW;,05]"", Fe,(SO,);, and 2,2"-bpy in a ratio
of 1:1.5:5 in water at 160°C. A slight modification of the or-
ganic ligand led to a dimerization of the anionic unit.
Hence, (Hdmbpy),[Fe''(dmbpy);],[(PW;,05),Fe, O,
(dmbpy),]-14H,0 (2) has thus been isolated in conditions
similar to 1 except that 5,5-dimethyl-2,2-bipyridine
(dmbpy) was used instead of 2,2'-bipyridine. When the
quantity of organic ligand was lowered, other parameters re-
mained unchanged, only the nature of the counter cations
was modified. Two protons replaced two protonated
Hdmbpy* cations to give H,[Fe"(dmbpy);],[(PW;;0x),-
Fe,'O,(dmbpy),]-10H,O (3). Finally, when non-coordinat-
ing tetramethylammonium cations were introduced in the
synthetic medium in place of the chelating bpy ligands, the
dimeric compound [N(CHj;),];o[(PW;,03Fe™),0]-12H,0 (4)
crystallized. We have studied the influence of synthetic pa-
rameters on the obtained compounds:

1) pH: Complexes 1-4 are only obtained in a limited pH
domain, around 3. When the pH is too low, the monova-
cant POM is unstable and gives the saturated
[PW,,0," ion. Preliminary X-ray diffraction studies!'”)
suggest that the crystals isolated with the experimental
conditions used for 2, except that the initial pH was 2,
contain [PW,,0,]°" ions and [Fe'(dmbpy);]** counter-
ions. At higher pH values, the yield and the crystallinity
of complexes 1-4 are lowered.
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2) Precursors: First, it can be noted that complex 1 was pri-
marily obtained by the reaction of [A-a-PW,05]°,
showing the instability of this precursor under such con-
ditions. Secondly, considering that the counterion in com-
plexes 1, 2, and 3 is the [Fe"(bpy);]** complex (see
below) although only Fe,(SO,); was used as a reactant,
we have performed the same experiments using a mix-
ture of 1) Fe,(SO,); and FeSO, or 2) Fe,(SO,); and pre-
formed [Fe"(bpy)s]** ([Fe™]/[Fe"]=2) as iron precursors.
It has been possible to isolate only 1 by this alternative
procedure, but neither the yield nor the crystallinity was
improved.

3) Temperature and pressure: We have tried to synthesize
complexes 1-4 using conventional methods. For these ex-
periments, the heterogeneous mixture containing the re-
actants was introduced to a round-bottomed flask and re-
fluxed for 24 h in an oil bath. After cooling to room tem-
perature, the solution was filtered, and the amorphous
powder was dried. In all the cases, we have found that
hydrothermal conditions were the only way to obtain
complexes 1-4.

These experiments show that only a precise set of param-
eters allow the synthesis of crystalline compounds 1-4. Dif-
ferent phases that could not be characterized by single-crys-
tal X-ray diffraction have been obtained by a slight variation
of the parameters. Among them may exist the one-dimen-
sional chain of monosubstituted Keggin anions linked
through Fe-O-W bridges, which has already been described
for the Mn"™™ and Co"™!! derivatives.

Complexes 1 and 4 are slightly soluble in DMSO (di-
methyl sulfoxide), while 2 and 3 are completely insoluble in
common solvents.

The infrared (IR) spectra of complexes 1-4 were recorded
between 4000 and 400 cm™'. Compounds 2 and 3, differing
only by the presence of protons, have almost identical infra-
red spectra, while the spectra of 1, 2, and 4 exhibit slight dif-
ferences in the 1100-400 cm ™ region (Figure SI1 in the Sup-
porting Information). The splitting (Av) of the asymmetric
P—O stretching vibration of the distorted central PO, tetra-
hedron is more pronounced in complex 4 (1093, 1057, Av=
36 cm™) than in complex 2 (1084, 1064, Av=20cm™") and
complex 1 (1075, 1066, Av=9 cm™"). Usually, the splitting of
the asymmetric P—O stretching vibration in a monosubstitut-
ed {PW;;M} anion is related to the strength of the
M—O(PO;) bond. The splitting is thus maximal for M= Cu"
(1105, 1065, Av=40cm™) and closest to the splitting ob-
served in [PW, ;0] (1085, 1040, Av=45cm™).?? The
splitting in complex 4 is thus close to the largest splittings
observed in the family of monosubstituted lacunary deriva-
tives. The splitting in complex 2 is more along the order of
the values reported for [PW;;04,Fe™(H,0)]* (1084, 1060,
Av=24cm™),”! and the splitting in complex 1 is close to
the zero splitting value of the saturated [PW,,O,]*>" anion.
The increasing value of Av from complexes 1 to 4 can be
tentatively explained by weaker interactions between the
metal and the POM as shown by the significant elongation
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Table 1. Selected bond lengths [A] and angles [°] in complexes 1, 2, and
4 associated to the representations in Figures 1 and 2.

Compound 1

Fel-014 1.905(11) Fe2—-07 1.915(11)
Fel-037 1.925(11) Fe2—-09 1.941(12)
Fel-09 1.932(12) Fe2—N2 2.104(13)
Fel-010 1.992(11) Fe2—N3 2.109(14)
Fel-07 2.106(11) Fe2—N4 2.151(16)
Fel—025 2.271(11) Fe2—N1 2.157(14)
Fel-Fe2 3.013(3)

Fe2-O7-Fel 97.05(5) Fel-O9-Fe2 102.1(5)
Compound 2

Fel—040 1.926(9) Fe2—040 1.929(7)
Fel—036 1.944(11) Fe2—040 1.943(11)
Fel-039 1.955(9) Fe2—-N12 2.152(8)
Fel-027 2.007(10) Fe2—N15 2.158(6)
Fel—023 2.030(10) Fe2—N1 2.186(13)
Fel-025 2.472(10) Fe2—N26 2.215(8)
Fel-Fe2 3.491(5) Fe2—Fe2 2.910(4)
Fe2-040-Fel 133.6(6) Fe2-040-Fe2* 97.4(4)
Fel-O40-Fe2 129.0(4)

Compound 4

Fel-0O79 1.775(7) Fe2—-079 1.767(7)
Fel-039 1.988(8) Fe2—047 1.969(8)
Fel-017 1.999(9) Fe2—-070 1.976(9)
Fel-09 2.001(8) Fe2—-053 2.002(9)
Fel-030 2.029(9) Fe2—-0O78 2.010(8)
Fel-O11 2.616(8) Fe2—-057 2.594(9)
Fel—Fe2 3.513(3)

Fe2-079-Fel 165.4(6)

of the Fe—O(PO;) bond from complex 1 to complex 4
(Table 1, see also the structural description below).

Thermogravimetric analysis (TGA) was performed and
showed similar behaviors for the four compounds (Fig-
ure SI2 in the Supporting Information) and confirmed 1) the
number of hydration water molecules, 2) the number of bpy
ligands on complexes 1-3, and 3) the number of TMA*
(TMA =tetramethyl ammonium) counterions in complex 4.
In the TGA, the first loss corresponds to the departure of
water molecules. For complexes 1-3, upon further heating, a
two-step weight loss was observed between 300 and 800°C
with a total weight loss corresponding to the departure of
the bpy molecules. Such a two-step departure of 2,2-bpy li-
gands has been previously observed and attributed to the re-
tention of carbon from the calcination of bpy, the carbon
being only slowly removed from the solid residue.”"

A comparison of the experimental X-ray diffraction
powder patterns of the four compounds and of the powder
patterns calculated from the structure solved from single-
crystal X-ray diffraction data is given as Supporting Infor-
mation (Figure SI3) and confirms the bulk compositions.

Structural analysis: Complexes 1-3 are molecular com-
pounds with substituted POM anions and monomeric iron
complexes bound to bpy ligands as counter-cations. Al-
though the iron precursor contains Fe' ions, it is doubtless
that the cations are low spin [Fe''(bpy);]** complexes for
three main reasons: 1) the reduction of [Fe™(bpy);]** to
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[Fe"(bpy);]*" by water has been known for a long time and
a mechanism has been proposed,® 2) the charge of the
counter-cations is consistent with the results of elemental
analyses and electroneutrality considerations, and 3) mag-
netic measurements indicate that for complexes 1-3 the
counter- ions are diamagnetic (see below).

In complex 1, the anion (Figure 1a) can be described as a
dissymmetric dinuclear Fe, complex. The Fel ion is bound
to the pentadentate monolacunary [PW,;05]” anion, and

Figure 1. a) Mixed ball and stick and polyhedral representation of the
[PW,,05Fe,"(OH)(bpy),]*” anion in 1; white octahedra WO, dark gray
tetrahedron PO,, medium gray spheres Fe, white spheres O, light gray
spheres N, black spheres C; b) mixed ball and stick and polyhedral repre-
sentation of the [(PW;,03,),Fe,™ 0]~ anion in 4; white octahedra WOy,
dark gray tetrahedra PO,, medium gray spheres Fe, white spheres O.

the Fe2 ion is linked to two 2,2'-bpy ligands. Fel and Fe2
are bridged by two oxygen atoms, O7 is the oxygen atom
from the O=W group of the POM ligand and O9 belongs to
a hydroxo ligand as indicated by valence-bond calculations
(5=1.23).”) Valence-bond calculations also confirm the
valence of Fel (Xs=3.11), but it should be noted that these
calculations are not conclusive for ions bound to bpy li-
gands. The FelOg octahedron is highly distorted in the equa-
torial plane with the Fel—O7 distance far longer than the
three other Fe—O distances. The axial Fe—O(PO;) distances
are also elongated (Table 1).

As the same anion is found in both the structures of com-
plex 2 and complex 3, its description will only be given for
2. This anion (Figure 2a) can be viewed as the condensation
of two of the anions present in complex 1. By using the la-
beling scheme adopted for compound 1 (Figure 1a), this

3192 —— www.chemeurj.org
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Figure 2. a) Mixed ball and stick and polyhedral representation of the
[(PW,,03,),Fe,"O,(dmbpy),]*" anion common in 2 and 3; white octahe-
dra WO, dark gray tetrahedra PO,, medium gray spheres Fe, white
spheres O, light gray spheres N, black spheres C; b) view of the tetramer-
ic butterfly complex sandwiched between the two monolacunary anions
with atom labeling scheme; the carbon atoms of the organic ligand have
been omitted for clarity; c¢) schematic representation of the Fe, core
showing the two main exchange interactions, the star indicates symmetry
related atoms; d) polyhedral representation of the Fe, core in complex 2;
e) polyhedral representation of the rhombohedral M, magnetic clusters
prepared from trivacant POMs.

condensation can be seen as resulting from the breaking of
the Fe2—O7 bond and the concomitant formation of a Fe2—
09 bond with a neighboring anion. The tetranuclear Fe,
complex encapsulated between the two POMs belongs to a
well-known family of butterfly complexes.””! The Fe2—Fe2*
fragment (Figure 2b) features the body of the butterfly, and
the Fe2-Fel-Fe2* and Fe2-Fel*-Fe2* triangles schematize

Chem. Eur. J. 2008, 14, 3189-3199
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the wings, with the Fel and Fel* ions thus occupying the
“wingtip” positions. The dihedral angle between the least-
squares planes defined by the Fel/Fe2/Fe2* and Fel*/Fe2/
Fe2* ions is 175.5°, thus the four Fe'! ions are essentially co-
planar. The sum of the Fe-O-Fe angles around the p;-O 040
atom is equal to the ideal value of 360°. The geometry of
the tetranuclear Fe, core in the butterfly complex thus dif-
fers from that of the more familiar rhombohedral M, mag-
netic clusters® prepared from trivacant POMs such as
[M',(H,0),(B-a-PW,05,),]'"~ (M=Co, Cu, Zn, Mn)®! and
[M",(H,0),(B-0-PW,05,),]>” (M=Fe).’" These complexes
contain four coplanar MOy octahedra sharing edges (Fig-
ure 2¢). In the butterfly complex, the two edge-sharing octa-
hedra of the body share only one corner with the octahedra
of the wings (Figure 2d). Valence-bond calculations indicate
that O40 (Xs=1.88) is an oxo ligand and confirm the va-
lence of Fel (Xs=2.97). The FelO; octahedron is more ax-
ially distorted in complex 2 than in complex 1 (Table 1), that
is, the interaction of the Fel ion with the monolacunary
POM is weaker in complex 2 than in complex 1 which is ex-
pressed in the infrared spectra (see above).

In complex 4, the anion results from the dimerization of
two [PW,,05Fe™(H,0)]*" ions (Figure 1b). In the dimer,
the Fe™ centers encapsulated in the vacant POMs are bridg-
ed by a single oxo ligand as indicated by valence-bond cal-
culations (Xs=1.94), which also confirm the +3 oxidation
state of the metallic centers (Xs=3.12 for Fel and 3.23 for
Fe2). The dimerization of [PW,,;03Fe™(H,0)]*" leading to
[{PW,,05,Fe™},0]"" has been previously evidenced in aque-
ous solution, but it had not been possible to isolate and
characterize the dimer in the solid state.’"! The dimerization
of transition-metal mono-substituted POMs has also been
studied for the titanium (in organic medium),*” zirconium®!
and rutheniumP* derivatives, but the structural characteriza-
tion of a p-oxo bridged dimer has only very recently been
performed in the case of [{SiW;;05,Ru'v},0]'"~F*l As ob-
served in this latter compound, the dimeric anion in com-
plex 1 does not possess a symmetry element. The axial dis-
tortion of the FeOq octahedra in complex 4 is still higher
than that observed in complex 2 (Table 1). The Fe™-O-Fe™
angle (165°) is larger than the Ru™-O-Ru' bridging angle
(154°) in [{SiW,;05Ru""},0]"".

Magnetic properties: The magnetic behavior of 1 was inves-
tigated between 2 and 300 K and is shown as yy7T versus T
(Figure 3), with y) being the magnetic susceptibility for one
mole of complex 1. The y,7T value at room temperature
(7.30 cm’mol ! K) is lower than the calculated yyT value of
8.75 cm®mol ! K for two noninteracting high-spin Fe" cen-
ters with g=2.00. The yuT curve decreases continuously
upon sample cooling, reaching a yy7T value of
0.40 cm*mol ! K at 2 K. This behavior is characteristic of an
antiferromagnetic interaction with a diamagnetic ground
state. The yu7T curve was fitted with the Bleaney-Bowers
equation derived from the Heisenberg—Dirac—van Vleck
(HDVV) Hamiltonian H=—J§,S, with §;=S5,=5/2 associat-
ed with the two interacting Fe™ centers within the dinuclear
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Figure 3. Plot of yyT versus T for compound 1 between 300 and 2 K. The
solid line was generated from the best fit parameters given in the text.

cluster. The best fit parameters obtained are J=—11.2cm™!

and g=1.98 (R=4.8 107°).*"] Dinuclear iron complexes with
oxo, hydroxo, peroxo, or carboxylato bridges continue to at-
tract much attention, mainly as models of metalloenzymes,
and their magnetic properties have been widely studied.”
Diferric complexes with Fe™(u-O)(u-OH)Fe™ cores are an-
tiferromagnetically coupled with a J value around
—100 cm 17 far larger than the value determined in com-
plex 1. The J value in complex 1 is thus more along the
order of the J values observed for dibridged diferric com-
plexes with one pu-OH ligand, the second bridge being an hy-
droxo, an alkoxo, or a phenolato ligand.’® The present
result confirms that the exchange interactions mediated
through oxygen atoms connected to tungsten centers are
very weak, and hence much weaker than those commonly
observed in p-O bridged compounds. Focusing on iron sys-
tems, it has been shown that for supported®™! and unsupport-
ed® oxo bridged compounds the Fe—O distance is the main
parameter which governs the strength of the magnetic inter-
action. In complex 1, the Fe-(p-O(POM)) distances are long
(1.915(11) and 2.106(11) A) compared to those classically
found in dinuclear p-O bridged Fe™ complexes, which justi-
fies the low J value determined for this compound. DFT cal-
culations on complex 1 have been performed in order to
clarify this point (see below).

As the magnetic clusters in complexes 2 and 3 are similar,
the magnetic data were recorded only on a sample of com-
plex 2. The yxyT value at room temperature
(4.3 cm*mol ™! K) is far lower than the calculated y,T value
of 17.5 cm®mol ™' K for four noninteracting high spin Fe'!!
centers (assuming g=2.00), indicating relatively strong anti-
ferromagnetic interactions (Figure 4a). This is also shown by
the continuous decrease of the y 7 curve upon sample cool-
ing. As already mentioned, the Fe, core in complex 2 be-
longs to the known class of butterfly complexes. In these
compounds, a rigorous interpretation would imply the con-
sideration of three J values: J, between one body iron and
one external atom, J,,, between the two wingtip iron atoms,
and J,,, between the two body iron atoms (Figure 2¢). How-
ever, considering that the J, exchange parameter must be
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Figure 4. a) Plot of yyT versus T for compound 2 between 300 and 2 K.
The solid line was generated from the best fit parameters given in the
text; b) error contour plots for different J,, and J,, values for the simula-
tion of the magnetic susceptibility measurement of complex 2.

weaker than J,;, and J,,, due to the long Fel--Fel distance,
only J,, and J,, are usually considered. This also avoids
overparametrization. The corresponding Hamiltonian for
this model is expressed in Equation (1) with §;=8,=S8,.=
S,-=5/2.

H = —J (8185 4+ 81804 + 814685 + S16825) =16 (82524) 1)

A best fit of the experimental yy7 curve gave J,=
—59.6 cm ™! and J,=—10.2 cm ™, assuming g=2.00 (R=6.31
107%).5°1 As usually observed, the J,, coupling constant is an-
tiferromagnetic and corresponds to the strongest interac-
tion."”) With respect to other butterfly compounds,*! this
value is the smallest observed value (—92.0<J,<
—65.7 cm ™), and this can again be correlated to long Fe,,—O
distances (1.93 A in complex 2, 1.81<Fe,—~O<1.89 A in
compounds reported in the literature), Fe,, is the iron center
of the wing. The J,;, coupling constant is weakly antiferro-
magnetic, but it should be noted that similarly satisfactory
fits could be obtained for —12 <Jy;, < —8 cm™!, as shown by
the error contour plot in Figure 4b. On the other hand, only
values of J,, close to —59.6cm™ give low R values (Fig-
ure 4b). This lack of definition of J,, has already been dis-
cussed and has been related to spin frustration of the cen-
tered spins.’*l The J;, value is in the range of the previous-
ly reported values (—21.8<J, <—2.4 cm™"), but its absolute
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value is significantly lower than those found for the recently
reported compound [Fe,O,Cl,(0O,CMe){(py).CNO},] ((py)--
CNO=di-2-pyridyl ketone oxime, Ji,=—59.4cm™)
which possesses a triplet ground state, thus confirming that
the ground state in complex 2 is diamagnetic.

As expected for a Fe-O-Fe dimer, the two Fe™ centers
are strongly antiferromagnetically coupled in complex 4 as
shown (Figure 5) by 1) the low y,T value at room tempera-

111
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¥ T/ cm® mol™ K
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0>\||\\|\||\\\|\\|\\\\||\|\\|\\\\\
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Figure 5. Plot of yyT versus T for compound 4 between 300 and 2 K. The
solid line was generated from the best fit parameters given in the text.

ture (0.85 cm®*mol ! K), which is more than ten times lower
than the calculated y\7 value of 8.75 cm®*mol ™! K for two
noninteracting high-spin Fe™ centers (assuming g=2.00)
and 2) the strong J value of —211.7 cm™! determined by fit-
ting the yy 7T curve with the Bleaney-Bowers equation de-
rived from the HDVV Hamiltonian H=-JS,S, with §;=
S,=5/2, assuming g=2.00 (R=4 107°).5"! The J value in 4
falls in the range of the J values determined for single oxo-
bridged diiron(IIT) complexes (—240<J < —160 cm™") !
confirming the protonation degree of the oxygen atom con-
nected to the two {PW,;0;,Fe™} sub-units.

DFT calculations: The DFT calculations of the exchange pa-
rameter for cluster 1 containing two paramagnetic Fe'' cen-
ters were performed to determine the role of different struc-
tural and electronic factors. First, the calculations were done
for cluster 1 at the experimentally found geometry. As usual
in the broken-symmetry DFT method, two states were cal-
culated, namely the high-spin (HS) state with the total spin
S=35 and the broken-symmetry (BS) state. The exchange pa-
rameter was estimated through the expression derived by
Yamaguchi J=2(Eps-Eys)/ (S us—(S%)ps). We obtained J=
—12cm™!, which is very close to the experimentally ob-
served value —11.2 cm™'. To compare this case with the sit-
uation in diiron(III) complexes with one p-oxo and one p-
hydroxo bridge, we also performed calculations for the
model dinuclear complex [Fe,™(u-O)(u-OH)(bpy).]**. The
structure of the model complex was optimized for its HS
state. The calculations again led to an antiferromagnetic in-
teraction between Fe™ ions with J=—68 cm™', which is
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much stronger than for the polyoxometalate encapsulated
dimer. Nevertheless, this value corresponds more to the
range characteristic for dibridged iron complexes (see
above). The main reasons for such a difference can be
looked for in the geometry of the {Fe,™(u-O)(u-OH)} core.
Due to the bond with the polyoxometalate tungsten atom,
the bridging oxygen atom in complex 1 is well separated
from the Fel atom (2.106 A), and the distance to Fe2 is
equal to 1.915 A. In the symmetric model complex, both dis-
tances are equal to 1.90 A. Different hypotheses can be
found in the literature concerning magnetostructural corre-
lations in oxo-bridged iron(IIT) dimers. In some works, J
values for asymmetric complexes were correlated with the
mean Fe—O distance,®™ whereas the correlation with the
longest Fe—O distance was also proposed.!! In any case, the
changes in the geometry of the Fe-O-Fe linkage between
the model complex and complex 1 must lead to a weakening
of the magnetic interaction. Another factor, which could
also be responsible for the variation in the exchange cou-
plings, is the important mixing of magnetic orbitals. This
mixing is composed of 3d iron orbitals with participation
from 2p bridging oxygen orbitals, and with 5d orbitals of
polyoxometalate tungsten atoms linked to p-oxo bridges.
The latter enter into the magnetic orbitals with about the
same weight as iron orbitals. This situation differs from the
earlier considered case of diiron substituted y-Keggin silico-
tungstates,* where magnetic orbitals are only slightly
mixed with tungsten orbitals (see Figure 6 and Table 7 in
reference [37]) and the variation of exchange parameters be-
tween the polyoxometalate and a simple dimer is much less
pronounced.

Electrochemical properties: Attempts were made to eluci-
date the redox properties of the two complexes (1 and 2)
both in solution and in the solid state. The limited solubility
of both complexes placed restrictions upon the solution
phase investigations. Our interest was to see if redox activity
for the Fe™ centers and W—O framework for the POM com-
plexes could be observed. The cyclic voltammogram ob-
tained for a solution of complex 1 in a 0.1 NH,PF, DMSO
(Figure 6) showed a series of redox processes associated
with the Fe" and bipyridine ligands of the [Fe(bpy);]**
moiety. The three monoelectronic bipyridine-based redox
processes were located at —1.515, —1.699, and —1.946 V (vs.
Ag/AgCl) with the Fe™ at 4-0.780 V (vs. Ag/AgCl). These
are in close agreement with [Fe(bpy);][PF¢], under the same
experimental conditions, as seen in Figure SI4 in the Sup-
porting Information. A single redox process at an E,,, of ap-
proximately —0.771 V versus Ag/AgCl (Figure 6a) was also
observed. When compared to the Fe™ Keggin parent POM
[PW,,05,Fe™(H,0)]*~ under the same solution conditions,
this redox couple can be attributed to the Fe™ center substi-
tuted into the POM cage. It was not possible, however, to
view the redox switching of the other Fe™ site within the
compound or the W—O framework in solution. As a result,
solid-state electrochemical measurements were conducted
on complex 1 for this purpose.
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Figure 6. Cyclic voltammograms of a 2 mm solution of complex 1 in 0.1mM
NH,PF, at a bare carbon electrode (4=0.0707 cm?) a) in the —2.5 to
0.0 V range; b) in the 0.0-1.4 V range. Scan rate =100 mVs™".

Solid-state electrochemical measurements were conducted
in a variety of aqueous electrolyte systems upon mechanical-
ly attached crystals of complex 1. In a range of 1M aqueous
electrolyte systems, such as LiClO,, the POM exhibited only
a clear redox wave associated with the Fe™ couple of the
[Fe(bpy)s]** moiety. To view any redox activity for the
[PW,,05Fe,"(OH)bpy),]*~ POM, the attached microcrys-
tals were cycled electrochemically in a range of aqueous
buffer solutions from pH?2 to 4. In pH 4, the presence of
what is believed to be a monoelectronic wave at E;,=
—0.140 V and associated with the Fe™ within the Keggin
cage is observed. In addition, two bielectronic waves associ-
ated with the reduction of the tungsten—oxo framework with
E,, values of —0.590 and —0.834 V, are clearly seen in Fig-
ure 7a. The last two waves were found to be pH-dependent
in nature. This dependence is known for the redox activity
of the tungsten—oxo processes for the polyoxotungstates in
solution.”! Shifts of 65 to 75 mV per decade change in pH
were observed for both of these waves, thereby indicating
the addition of two H* during each reduction step. This is
similar to the unfunctionalized Fe™ Keggin POM. Scanning
in a positive direction in these buffer solutions revealed the
monoelectronic wave associated with the Fe"™™ of the cat-
ionic [Fe(bpy);]** moiety, with a pH-independent E,, of
+0.774 V (Figure 7b). The solid-state behavior of this com-
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Figure 7. Solid state cyclic voltammograms of crystals of complex 1 ad-
hered to a carbon electrode (A =0.0707 cm?) in buffer pH 4 solution a)

in the —1.0 to 0.0V range; b) in the 0.0-1.3 V range. Scan rate=
100 mVs™.

plex agrees well with the electrochemical properties of the
[Fe(bpy),]** and [PW,,05,Fe™(H,0)]*" salts under the same
conditions with little shift in redox potentials.

The insolubility of complex 2 curtailed the investigation
of the solution phase electrochemistry of this complex. As a
result, the solid-state electrochemical behavior of complex 2
was investigated in buffered solutions so as to view the
redox activity of this complex. In a pH 2 buffer, the attached
microcrystals of complex 2 exhibited two bielectronic W—O
processes with E,;, values of —0.410 and —0.645 V, and two
redox couples at +0.044 V and +0.768 V, as seen in Figure
SIS in the Supporting Information. The latter being due to
the redox switching of the Fe' in the [Fe''(dmbpy),]**
cation, and the former is due to the Fe'! centers within the
POM itself. The number of electrons involved in each pro-
cess is difficult to ascertain due to the complex’s inherent in-
solubility.

Conclusion

The SyntheSiS of [PW11039F62111(OH)(bpy)z]zi, [(PW11039)2'
Fe,O,(dmbpy),]*~, and [(PW,;05),Fe,"O]""~ shows that
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hydrothermal conditions can be efficiently used for the syn-
thesis of magnetic clusters encapsulated in POMs starting
from vacant polyoxotungstate precursors. To date, the reac-
tion of [PW;;O5]"" towards first-row transition-metal ions
M"* under normal bench conditions has only led to mono-
substituted {PW,;0;)M(H,0)} anions, in which M is disor-
dered over the twelve metallic centers. Hydrothermal condi-
tions enhance the reactivity of the monolacunary precursor
and allow the isolation of more sophisticated species. Nota-
bly, the use of bipyridine-type ligands allowed an asymmet-
ric dinuclear {Fe(pu-O(W))(u-OH)Fe}-containing complex in
which one iron atom is coordinated to a monovacant POM,
while the other is coordinated to two bipyridine ligands to
be obtained, and a hybrid centrosymetric compound in
which a tetranuclear Fe, core is sandwiched between two
POMs was also isolated. The latter complex represents, to
our knowledge, the first characterized butterfly-like POM
cluster. When non-coordinating tetramethylammonium cat-
ions replace bipyridine ligands in the synthetic process, the
hydrothermal conditions allowed the isolation of a purely in-
organic dinuclear Fe(p-O)Fe cation in which the magnetic
core is sandwiched between two POMs. For the three com-
pounds, the antiferromagnetic coupling constants between
the paramagnetic centers have been determined and com-
pared with related non-POM compounds. Particularly, this
comparison combined with DFT calculations has confirmed
that metallic centers bridged by an oxo ligand from the
POM are weakly coupled. This is due to long distances be-
tween the magnetic center and the oxygen atom of the
POM, but also to the important mixing of bridging oxygen
orbitals with the orbitals of the POM tungsten atoms. Elec-
trochemical experiments on the hybrid complexes have al-
lowed a partial determination of the redox waves associated
with the metallic centers and the bipyridine ligands consti-
tuting complexes 1 and 2. Our attention focuses now on
other lacunary precursors as building units in order to in-
crease the nuclearity of the magnetic clusters.

Experimental Section

Synthesis: K;[a-PW,,05]-14H,0 was prepared according to a published
procedure.*! The hydrothermal syntheses were carried out in polytetra-
fluoroethylene-lined stainless steel containers under autogeneous pres-
sure. The 23 mL vessel was filled to approximately 25 % volume capacity
(Vi=6mL). All reactants were stirred briefly before heating. The sam-
ples were heated for 60 h at 160°C and cooled to room temperature over
a period of 40 h. The pH mixture was measured before (pH;) and after
the reaction (pH;). The products were isolated by filtration and washed
with ethanol.

[Fe" (bpy);1[PW,,0;,Fe," (OH) (bpy),]- 12H,0 (1): A mixture of K;[a-
PW,,04]-14H,0 (0.550 g, 0.175 mmol), Fe,(SO,); (0.103 g, 0.257 mmol),
2,2"-bpy (0.135 g, 0.864 mmol), and H,O (6 mL) was stirred and the pH
was adjusted to 3 with 2m KOH (pH;=2). Dark red parallelepipedic
crystals (0.360 g, 58 % yield based on W) were collected by filtration. The
crystals were purified by heating (50°C) gently in water in order to
remove water soluble orange crystals which co-crystallized in small quan-
tities with complex 1. IR (KBr pellets): 7=3116 (w), 3046 (w), 2921 (w),
2851 (w), 1471 (m), 1443 (s), 1383 (w), 1316 (w), 1265 (w), 1245 (w), 1174
(sh), 1157 (w), 1066 (m), 1027 (w), 993 (sh), 959 (m), 880 (m), 817 (s),
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798 (sh), 761 (sh), 730 (w), 690 (w), 670 (sh), 650 (w), 591 (w), 549 (w),
512cm™ (m); elemental analysis caled (%) for CsHgsN;oFe;05,PWy;
(3858.85): C 15.56, H 1.69, N 3.63, Fe 4.34, P 0.80, W 52.40; found: C
15.92, H 1.27, N 3.73, Fe 4.63, P 0.87, W 52.20.

(Hdmbpy)z[Fe“(dmbpy)3]2[(PW11039)2Fe41"02(dmbpy)4]-14HZO 2): A
mixture of K;[0-PW;;03]-14H,0 (0.550 g, 0.175 mmol), Fe,(SO,);
(0.103 g, 0.257 mmol), 5,5'-dimethyl-2,2-bpy (0.140 g, 0.760 mmol), and
H,O (6 mL) was stirred and the pH was adjusted to 3 with 2m KOH
(pH;=3). Dark red parallelepipedic crystals (0.360 g, 57 % yield based on
W) were collected by filtration. IR (KBr pellets): #=3120 (w), 3100 (w),
3080 (w), 3060 (w), 3045 (w), 2921 (w), 2855 (w), 1475 (m), 1447 (w),
1382 (w), 1311 (w), 1240 (m), 1235 (sh), 1149 (m),1084 (sh), 1064 (m),
958 (m), 885 (m), 808 (s), 729 (m), 701 (w), 666 (w), 652 (sh), 582 (m),
524 (m), 504cm™' (sh); elemental analysis caled (%) for
Cy44H7,Ny FecO,P, W, (8186.56): C 21.13, H 2.14, N 4.10, Fe 4.09, P
0.76, W 49.40; found: C 20.56, H 1.88, N 3.84, Fe 3.95, P 0.73, W 47.92.

H,[Fe"(dmbpy);],[(PW,0;,),Fe,"'0,(dmbpy),]- 10 H,O (3): A mixture of
K;[a-PW,,05]-14H,0 (0550 g, 0.175mmol), Fe,(SO,); (0.103 g,
0.257 mmol), 5,5'-dimethyl-2,2"-bpy (0.080 g, 0.434 mmol), and H,O
(6 mL) was stirred and the pH was adjusted to 3 with 2m KOH (pH;=3).
Dark red parallelepipedic crystals (0.150 g, 22 % yield based on W) were
collected by filtration. IR (KBr pellets): 7=3120 (w), 3100 (w), 3080 (w),
3060 (w), 3045 (w), 2921 (w), 2855 (w), 1475 (m), 1447 (w), 1382 (w),
1311 (w), 1240 (m), 1235 (sh), 1149 (m),1084 (sh), 1064 (m), 958 (m), 885
(m), 808 (s), 729 (m), 701 (w), 666 (w), 652 (sh), 582 (m), 524 (m),
504 cm™' (sh); elemental analysis caled (%) for Ci,0H,;N,FeOgP,W,,
(7746.03) C 18.61, H 1.85N 3.62, Fe 4.33, P 0.80, W 52.21; found: C
19.55, H 1.75, N 3.78, Fe 4.38, P 0.81, W 50.85.

[N(CH,),l1o[(PW03),Fe,"O]-12H,0 (4): A mixture of K;[a-
PW,,05]-14H,0 (0.550 g, 0.175 mmol), Fe,(SO,); (0.103 g, 0.257 mmol),
tetramethylammonium bromide (0.135 g, 0.878 mmol), and H,O (6 mL)
was stirred and the pH was adjusted to 4 with 2m KOH (pH;=2.5). Par-
allelepipedic yellow crystals (0.310 g, 56 % yield based on W) were col-
lected by filtration. IR (KBr pellets): #=3034 (m), 2958 (w), 2922 (w),
2854 (w), 2768(w), 2763 (w), 2655 (w), 2589 (w), 2519 (w), 2487 (w), 1629
(w), 1486 (s), 1450 (m), 1418 (m), 1384 (m), 1286 (m), 1262 (m), 1093
(sh), 1057 (m), 956 (s), 815 (s), 759 (w), 729 (sh), 690 (w), 668 (sh), 595
(m), 521 (w), 489 (sh), 456 (m), 412 cm™" (m); elemental analysis calcd
(%) for CyH;44N,oFe,09,P,W,, (6439.73) C 7.46, H 2.25N 2.17, Fe 1.73,
P 0.96, W 62.80; found: C 7.47, H 2.11, N 2.15, Fe 1.72, P 1.01, W 60.76.

Table 2. X-ray crystallographic data for complexes 1-4.
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X-ray crystallography: The intensity data collection for complexes 1-4
was carried out using a Bruker Nonius X8 APEX 2 diffractometer
equipped with a CCD bidimensional detector with the monochromated
radiation (A(Moy,)=0.71073 A). All the data were recorded at room
temperature. The absorption correction was based on multiple and sym-
metry-equivalent reflections in the data set using the SADABS pro-
gram!®! based on the Blessing’s method.!*’! The structures were solved by
using direct methods and refined by full-matrix least-squares methods
with the SHELX-TL package.””) In all the structures, there is a discrep-
ancy between the formulae determined by elemental analysis and the for-
mulae deduced from the crystallographic atom list, because of the diffi-
culty in locating all the disordered water molecules. These molecules
have been refined with partial occupancy factors. In the structure of com-
plex 2, it has been possible to locate the free Hdmby™ ions, the assign-
ment of the two N atom positions among the four possible ones was
made by considering the distances. The structure of complex 3 was
solved in the noncentrosymmetric P1 space group, although an analysis
by Platon suggests P1 because, in the centrosymmetric space group, the
bpy ligands were too close in space. Crystallographic data are given in
Table 2. Selected bond lengths and angles are listed in Table 1.
CCDC 649965 (1), 649966 (2), 649967 (3) and 649968 (4) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

TGA measurements: Thermogravimetry was carried out in a N,/O, (1:1)
flow (60 mLmin~") with a Perkin-Elmer electrobalance TGA-7 at a heat-
ing rate 10°C min ' up to 800°C.

Magnetic measurements: Magnetic susceptibility measurements were car-
ried out with a Quantum Design SQUID Magnetometer with an applied
field of 1000 Oe using powder samples pressed in pellets to avoid prefer-
ential orientation of the crystallites. The independence of the susceptibili-
ty value with regard to the applied field was checked at room tempera-
ture. The susceptibility data were corrected from the diamagnetic contri-
butions as deduced by using Pascal’s constant tables. 4.85, 4.07, and
0.04% of paramagnetic Fe''! impurities were taken into account for the
fit of complexes 1, 2, and 4, respectively.

Computational details: Electronic structure calculations were performed
with the GAUSSIAN 03 package.s! The Fe and W atoms were described
using LANL2DZ basis set with LANL2 effective core potentials, whereas
the 6-31g basis set was used for all other atoms. The three-parameter ex-
change-correlation functional of Becke based on the correlation function-
al of Lee, Yang, and Parr (B3LYP),*) which is known to be suited for

1 2 3 4
formula CsoHysFe3N;iOs,PWy C\44H 46Fe6N,Og, P, W5, Cip0H 20FegN» O3 P, Wo, CyoH 44Fe;N; 09 P W),
M, 3838.83 7950.59 7580.10 6439.73
crystal system monoclinic monoclinic triclinic triclinic
space group C2lc C2lc P1 Pl
Z 8 4 1 2
T [K] 293 293 293 293
a[A] 23.1859(8) 28.851(2) 13.3562(6) 13.1534(3)
b[A] 13.9166(8) 36.971(3) 14.1707(6) 20.3426(6)
c[A] 47.537(2) 20.947(2) 24.778(1) 24.0622(7)
a[°] 90 90 81.004(2) 94.2950(10)
B°] 103.247(4) 118.229(4) 83.810(2) 97.1150(10)
v [°] 90 90 65.434(2) 92.1570(10)
VA% 14931(1) 19686(3) 4207.93) 6363.7(3)
Ocaled [gem ] 3.416 2.683 2.991 3.361
w [mm™ 17.573 13.325 15.576 20.136
reflns collected 71279 75101 76836 160858
unique reflns (R;,) 22050(0.0720) 17344(0.1581) 37765(0.0508) 37375(0.0472)
refined parameters 1029 1072 2178 1342
R(F,)® 0.0701 0.0653 0.0610 0.0657
R (F2)P 0.1758 0.1587 0.1576 0.1153

[a] Ry=[Z|F,| - | F.| VS| F.| i[b] wR, = {[Ew(F— F22/Sw(F2)*}"? with 1/w=0*F2+aP*+bP and P=(F2+F/3; a=0.0991, b=601.63 for 1; a=0.1195,

b=0 for 2; a=0.1160, b=0 for 3; a=0.0795, b=272.69 for 4.
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the estimation of exchange interactions, was used in all calculations. The
exchange parameters were evaluated following the DFT-broken symme-
try method.!

Electrochemical measurements: The reference electrode employed in or-
ganic solvents was a silver wire in contact with a solution of AgNO;
(0.01m) and 0.1m of the same supporting electrolyte as employed in the
cell. For aqueous electrochemistry a silver/silver chloride (3m KCl) refer-
ence electrode was used. A carbon (d=3 mm) working electrode was
employed which was polished prior to use with 0.05 um alumina and
rinsed with deionized water. The auxiliary electrode material was a plati-
num wire. A CH 660 A potentiostat was employed for all electrochemical
experiments. All solutions were degassed with pure argon for 15 min
prior to electrochemical experiments. For solid-state voltammetric meas-
urements, a slurry of the complexes was first prepared and then trans-
ferred onto the electrode surface. Before the electrochemical studies, the
coatings were allowed to dry. After use, the electrode surface was re-
newed by rinsing with acetone, polishing with 0.05 um alumina and then
sonicated in deionized water.
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